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ABSTRACT.
High recovery magnetic tracing techniques have been utilised to record the 3-
dimensional downstream transport of individual clasts within two Scottish Highland
gravel-bed streams over a period of 16 months. The results provide the basis for a
conceptual model of bedload transport and storage involving the interaction of multiple
variables.
Above a threshold level of discharge, determined by local morphology and
sedimentology, flow (in terms of magnitude and duration) remains the principal control of
transport parameters (occurrence, vertical exchange, depth of scour, and transport
distance). Three phases of transport based on increasing discharge are identified; discrete
surficial transport, shallow exchange transport and deep exchange transport. Variations in
apparent flow and transport relationships are explored in relation to individual clast
characteristics and contrasts in bed sedimentology between streams.
The results suggest a large degree of equal mobility in terms of clast size. However,
a tendency exists for material approximating the median bed surface grain size to show
maximum mobility, indicating the importance of hiding effects on gravel entrainment. In
terms of clast form, flattened shapes are the least mobile. This reflects a greater stability at
entrainment, and increased occurrence of capping, for clasts with small c/b axial ratios. A
high percentage of angular material leads to bed strengthening through interlock.
Two clast location variables, morphological position (bar, riffle, pool or
undifferentiated channel), and burial state (top, within or buried), are considered in relation
to the occurrence and distance of transport. The importance of temporary bar and sub-
surface storage is highlighted. Residence periods for bed material in both such locations are
determined principally by flow conditions, particularly peak discharge. Powerful floods are
associated with increased submergence of high bars, and erosion to great depth. Material
deposited in high bar positions, or at the base of deep scour zones, is effectively locked in
storage until the next flow of equal or greater discharge.
Although the model presented is based on work at just two sites, it is suggested that
the range of morphological and sedimentological conditions encountered make the general
principles applicable across a broad range of similar environments. Given consideration of
the variables discussed, a specific variation of the model should apply in most river
reaches.
11
ACKNOWLEDGEMENTS.
I wish to express gratitude to my supervisors. Dr Alan Werritty (University of St.
Andrews) has been the source of regular guidance, inspiration and encouragement, while
Prof. Asher Schick (Hebrew University, Jerusalem), is thanked for his understandably less
regular, but consistently stimulating, contributions.
I am indebted to Mr and Mrs Kennedy at Dalnaspidal Farm, primarily for arranging
access to the Dubhaig, but also for provision of towing on the numerous occasions when
the "old red van" would not start or had became stuck in the snow. The Institute of
Hydrology kindly allowed me access not just to the Monachyle Burn site but also to the
appropriate flow data. Special thanks are extended to Dick Johnston and John Law at
Tulloch Lodge for the key under the mat.
Thanks to all my field assistants, especially Anna and Alan, without whom much of
the work would not have have been possible, and the rest not as enjoyable. The post-
graduate population of the Department of Geography and Geology are to be thanked for
their constant advice, support and, above all, friendship, with special mention in this regard
to Jenny, Jill, and Philippa.
Respect due: Cherry for proofreading. Janet for cartographical advice. Andrew and
Richard for computing advice. Rick and Karen for my sanity (8 months is a long time to
spend writing up without enjoyable company). Good News (especially David Eglington)
for providing me with the financial resources to remain in St.Andrews for a fourth year.
	
and finally, Mac 19 without whose help and co-operation this thesis could not have
been written.
. Funding for this project was granted by the NERC (ref. GT4/87/AAPS/44).
111
CONTENTS.
DECLARATION.	 i
ABSTRACT.	 ii
ACKNOWLEDGEMENTS. 	 iii
CONTENTS.	 iv
LIST OF FIGURES.	 xi
LIST OF TABLES. 	 xviii
LIST OF PLATES. 	 xxi
1.INTRODUCTION.	 1
1.1. THE STUDY OF GRAVEL BED RIVERS. 	 1
1.2. THE PROBLEM.	 3
13. AIMS AND METHODS. 	 4
1.4. THE THESIS.	 5
2.BEDLOAD TRANSPORT PROCESSES. 	 8
2.1. PRINCIPLES OF BEDLOAD TRANSPORT.
	
8
2.1.1. HORIZONTAL BEDLOAD TRANSPORT AS A 	 8
RESPONSE TO FLOW.
2.1.2. HORIZONTAL BEDLOAD TRANSPORT AND 	 12
BED SEDIMENTOLOGY.
2.1.2.1. Bed material size. 	 12
2.1.2.2. Bed material form. 	 14
2.1.2.3. Bed structure. 	 15
2.1.3. BEDLOAD TRANSPORT AND MORPHOLOGICAL 	 18
POSITION.
2.1.4. VERTICAL EXCHANGE OF BEDLOAD.	 19
2.2. MONITORING BEDLOAD TRANSPORT.	 23
2.2.1. TRAPPING.
	
24
iv
2.2.2. TRACING.	 26
3. STUDY AREAS AND EXPERIMENTAL DESIGN.	 32
3.1. CHOICE OF FIELD SITES. 	 32
3.2. ASSESSMENT OF FIELD SITE VARIABLES. 	 33
3.2.1. BED MORPHOLOGY. 	 33
3.3.2. BED MATERIAL SIZE.	 33
3.2.3. BED MATERIAL FORM. 	 34
3.3. FIELD SITE DESCRIPTIONS. 	 36
3.3.1. THE ALLT DUBHAIG.	 36
3.3.1.1. Sub-reach 1.	 41
3.3.1.2. Sub-reach 2.	 47
3.3.1.3. Sub-reach 3.	 51
3.3.2. THE MONACHYLE BURN.	 57
3.4. FLOW RECORDINGS.	 63
3.5. MAGNETIC TRACING.	 68
3.5.1. TRACER PROCESSING.	 68
3.5.2. SEEDING.	 69
3.5.3. RELOCATION.	 71
3.5.4. TRACER RECOVERY RATES. 	 72
3.5.5. TRACER LOSSES. 	 74
4. DSSUMMLCLANDPIET
 DISTANCE F BEDIaTRANSPORT.  75
4.1. SUMMARY RESULTS.	 75
4.1.1. THE MONACHYLE BURN.	 76
4.1.1.1. Accuracy.	 77
4.1.1.2. % Horizontal movement.	 77
4.1.1.3. Transport distance. 	 78
4.1.2. THE ALLT DUBHAIG.	 79
4.1.2.1. Accuracy.	 81
4.1.2.2. % Horizontal movement.	 82
4.1.2.3. Transport distance. 	 83
4.2. OCCURRENCE OF BEDLOAD MOVEMENT. 	 85
4.3. DISTANCE OF TRANSPORT. 	 86
4.4. BEDLOAD TRANSPORT AND FLOW ACTIVITY.	 88
4.4.1. THRESHOLD OF BEDLOAD TRANSPORT. 	 88
4.4.1.1. The Monachyle Bum.
	
88
4.4.1.2. The Alit Dubhaig. 	 89
4.4.2. EXCESS FLOW AND BED MOBILISATION. 	 89
4.4.2.1. The Monachyle Bum. 	 89
4.4.2.2. The Alit Dubhaig. 	 92
4.4.3. DISCHARGE AND TRANSPORT DISTANCE. 	 95
4.5. FIRST SEARCH DATA.	 96
5. BED MATERIAL PROPERTIES AND BEDLOAD TRANSPORT. 98
5.1.SEDIMENT SIZE AND TRANSPORT DISTANCE. 	 98
5.1.1. TRACER WEIGHT.
	
98
5.1.1.1. The Monachyle Bum. 	 99
5.1.1.2. The Alit Dubhaig. 	 100
5.1.2. TRACER SIZE CATEGORY.	 102
5.1.2.1. The Monachyle Bum.	 103
5.1.2.2. The Alit Dubhaig. 	 104
5.1.3. CLAST SIZE AND TRANSPORT DISTANCE 	 107
RELATIONSHIPS.
5.2. SEDIMENT FORM AND TRANSPORT DISTANCE. 	 109
5.2.1. SHAPE.	 109
5.2.1.1. The Monachyle Bum. 	 110
5.2.1.2. The Alit Dubhaig. 	 111
5.2.2. ANGULARITY. 	 113
5.2.2.1. The Monachyle Burn. 	 113
vi
5.2.2.2. The Alit Dubhaig.
	
114
5.2.3. CLAST FORM AND TRANSPORT DISTANCE
	
117
RELATIONSHIPS.
5.2.3.1. Clast shape and transport distance. 	 117
5.2.3.2. Clast angularity and transport distance.	 118
6. BED MORPHOLOGY AND BEDLOAD TRANSPORT.	 121
6.1. EXCHANGE BETWEEN MORPHOLOGICAL UNITS. 	 121
6.1.1. THE MONACHYLE BURN.	 123
6.1.2. THE ALLT DUBHAIG.	 125
6.2. BED MORPHOLOGY AND CLAST STABILITY. 	 132
6.2.1. THE MONACHYLE BURN.	 132
6.2.2. THE ALLT DUBHAIG.	 133
6.3. BED MORPHOLOGY AND TRANSPORT DISTANCES.	 137
6.3.1. POSITION PRIOR TO MOVEMENT. 	 138
6.3.1.1. The Monachyle Burn.	 138
6.3.1.2. The Allt Dubhaig. 	 139
6.3.2. POSITION AFTER MOVEMENT. 	 142
6.3.2.1. The Monachyle Bum. 	 142
6.3.2.2. The Alit Dubhaig. 	 143
6.4. MORPHOLOGICAL POSITION AND BEDLOAD TRANSPORT 146
RELATIONSHIPS.
6.4.1. HORIZONTAL EXCHANGE DISTRIBUTIONS. 	 146
6.4.2. STORAGE AND TRANSPORT. 	 147
6.4.2.1. Pool and riffle morphology. 	 147
6.4.2.2. Bar Morphology. 	 148
6.5. EFFECTS OF BED MICROMORPHOLOGY.	 153
7. VERTICAL EXCHANGE PROCESSES.	 155
7.1. MEASUREMENT OF VERTICAL EXCHANGE. 	 155
vii
7.1.1. THE MONACHYLE BURN. 	 156
7.1.2. THE ALLT DUBHAIG.	 158
7.2. THE VERTICAL EXCHANGE RATE.	 164
7.2.1. THE MONACHYLE BURN.	 165
7.2.2. THE ALLT DUBHAIG.	 166
7.3. BURIAL DEPTH. 	 167
7.3.1. THE MONACHYLE BURN.	 167
7.3.2. THE ALLT DUBHAIG.	 169
7.4. AREAL DISTRIBUTION OF BURIED TRACERS. 	 171
7.5. BURIAL STATE AND CLAST STABILITY.	 172
7.5.1. THE MONACHYLE BURN.	 172
7.5.2. THE ALLT DUBHAIG.	 173
7.6. BURIAL STATE AND TRANSPORT DISTANCE. 	 177
7.6.1. BURIAL STATE PRIOR TO MOVEMENT.	 177
7.6.1.1. The Monachyle Burn.	 177
7.6.1.2. The Allt Dubhaig. 	 178
7.6.2. BURIAL STATE AFTER MOVEMENT. 	 181
7.6.2.1. The Monachyle Burn.	 181
7.6.2.2. The Allt Dubhaig. 	 182
7.7.0CCURRENCE AND MAGNITUDE OF VERTICAL EXCHANGE. 185
7.7.1. FLOW ACTIVITY AND OCCURRENCE OF
	
186
VERTICAL EXCHANGE.
7.7.1.1. Passive vertical exchange.	 186
7.7.1.2. Active vertical exchange.	 186
7.7.1.3. Areas of vertical exchange.
	
189
7.7.1.4. Depth of scour and fill.	 189
7.7.2. THE VERTICAL EXCHANGE EQUILIBRIUM. 	 190
7.8. VERTICAL EXCHANGE AND BEDLOAD TRANSPORT. 	 193
RELATIONSHIPS.
viii
7.8.1. SUB-SURFACE SEDIMENT STORAGE. 	 193
7.8.2. EFFECT OF BURIAL STATE ON TRANSPORT
	 194
DISTANCE.
8. THREE DIMENSIONAL TRANSPORT PROCESSES: A	 197
CONCEPTUAL MODEL.
8.1. A MODEL OF 3-DIMENSIONAL TRANSPORT AND	 197
STORAGE.
8.1.1. THRESHOLD OF BEDLOAD TRANSPORT. 	 198
8.1.2. DISCRETE SURFICIAL TRANSPORT.	 198
8.1.3. SHALLOW EXCHANGE TRANSPORT. 	 200
8.1.4. DEEP EXCHANGE TRANSPORT.	 201
8.2. THE DISRUPTING INFLUENCE OF MACRO-SCALE	 203
MORPHOLOGY.
8.3. APPLICABILITY OF THE PROPOSED MODEL. 	 204
8.4. FUTURE RESEARCH.	 205
9. SUMMARY AND CONCLUSIONS.	 207
10. BIBLIOGRAPHY.	 211
APPENDICES.	 Al
Al. TRACER DATA.	 A2
(Weight, axial lengths, shape, angularity and seeding line.)
A1.1. THE ALLT DUBHAIG.	 A2
A1.1.1. Sub-reach 1.	 A2
A1.1.2. Sub-reach 2. 	 AS
A1.1.3. Sub-reach 3. 	 A8
A1.2. THE MONACHYLE BURN.	 All
A2. TRACER TRANSPORT DISTANCES.	 A14
ix
A2.1. THE ALLT DUBHAIG.	 A14
A1.2.1. Sub-reach 1.	 A14
A1.2.2. Sub-reach 2.	 A17
A1.2.3. Sub-reach 3.	 A20
A2.2. THE MONACHYLE BURN.	 A23
A3. TRACER POSITIONS. 	 A26
A.3.1. THE ALLT DUBHAIG. 	 A26
A.3.1.1. Sub-reach 1.	 A26
A.3.1.2. Sub-reach 2.	 A29
A.3.1.3. Sub-reach 3.	 A32
A3.2. THE MONACHYLE BURN.	 A35
A4. TRACER BURIAL STATE. 	 A38
A4.1. THE ALLT DUBHAIG.	 A38
A.4.1.1. Sub-reach 1.	 A38
A.4.1.2. Sub-reach 2.	 A41
A.4.1.3. Sub-reach 3.	 A44
A.2. THE MONACHYLE BURN.	 A47
LIST OF FIGURES.
No.	 TITLE	 PAGE
2.1. Bed surface stability based on geometrical structure. (After Church 1979). 	 16
2.2. Theoretical vertical distribution of a 1000 stone tracer set over 8 discrete 	 21
equal sized events with an associated burial rate of 50% and exposure
rate of 20%. (After Schick et al., 1987c).
2.3. Vertical exchange recorded over 3 flood events in Nahal Hebron. 	 22
(After Schick et al., 1987a).
3.1. Derivation of Zingg (1935) shape classes. (After Allen, 1985). 	 34
3.2. Grain angularity comparison tables. (After Powers, 1953).
	 35
3.3. Location of the Allt Dubhaig.	 37
3.4 Stage/discharge rating curve for the Alit Dubhaig.
	
40
3.5. Allt Dubhaig sub-reach 1.	 42
3.6. Allt Dubhaig sub-reach 1 surface and sub-surface grain size distributions. 	 45
3.7. AlIt Dubhaig sub-reach 1 surface material shape analysis. 	 45
3.8. Allt Dubhaig sub-reach 1 surface material angularity analysis.
	
46
3.9. Allt Dubhaig sub reach 2.	 48
3.10. Allt Dubhaig sub-reach 2 surface and sub-surface grain size distributions.	 49
3.11. Alit Dubhaig sub-reach 2 surface material shape analysis.	 49
3.12. Alit Dubhaig sub-reach 2 surface material angularity analysis. 	 50
3.13. Alit Dubhaig sub-reach 3.	 52
3.14. Allt Dubhaig sub-reach 3 grain size distributions. 	 53
xi
3.15 Alit Dubhaig sub-reach 3 bed surface shape analysis. 	 53
3.16. Alit Dubhaig sub-reach 3 bed surface angularity analysis. 	 55
3.17. Location of the Monachyle Burn.	 56
3.18. Monachyle Burn. (a) Upstream section of study reach. 	 58
(b) Downstream section of study reach. 	 59
3.19. Monachyle Burn grain size distributions.	 61
3.20. Monachyle Bum surface material shape analysis. 	 62
3.21. Monachyle Burn bed surface angularity analysis. 	 62
3.22. Flow duration over 1 cumec between magnetic tracer surveys of the
	
Allt Dubhaig. Part 1 (a - g).
	
64
	
Part 2 (h - n).	 65
3.23. Flow durations over 1 cumec between magnetic tracer surveys of the 	 66
Monachyle Bum.
3.24. The Heliflux GA-52 magnetic locator. 	 70
4.1. Total transport distances of Monachyle Burn tracer stones. 	 79
4.2. Total transport distances of Alit Dubhaig sub-reach 1 tracer stones.
	
84
4.3. Total transport distances of Allt Dubhaig sub-reach 2 tracer stones.	 84
4.4. Total transport distances of Alit Dubhaig sub-reach 3 tracer stones.
	
84
4.5. Relationship between discharge and tracer mobilisation in the Monachyle 	 91
Burn (Based on the complete data set).
4.6. Relationship between discharge and tracer mobilisation in the Monachyle 	 91
Bum (Based on the reduced data set).
xi i
4.7. Relationship between discharge and tracer mobilisation in the Allt Dubhaig 	 94
(Based on the complete data set).
4.8. Relationship between discharge and tracer mobilisation in the Allt Dubhaig 	 94
(Based on the reduced data set).
5.1. Weight versus search 3 transport distance scatter plot for the Mon achyle 	 99
Bum tracer set.
5.2. Weight versus total transport distance scatter plot for the Monachyle Bum
	
100
tracer set.
5.3. Weight versus search 5 transport distance scatter plot for the Alit Dubhaig 	 100
sub-reach 1 tracer set.
5.4. Weight versus search 8 transport distance scatter plot for the Alit Dubhaig 	 101
sub-reach 2 tracer set.
5.5. Weight versus total transport distance scatter plot for the Alit Dubhaig 	 102
sub-reach 3 tracer set.
5.6. Weight versus total transport distance scatter plot for the whole Allt 	 102
Dubhaig tracer set.
5.7. Mean transport distances for the size categories represented in the 	 103
Monachyle Bum tracer set.
5.8. Mean transport distances for the size categories represented in the Allt 	 104
Dubhaig tracer set.
5.9. Mean transport distances for the size categories represented in the Alit 	 105
Dubhaig sub-reach 1 tracer set.
5.10. Mean transport distances for the size categories represented in the Allt 	 106
Dubhaig sub-reach 2 tracer set.
5.11. Mean transport distances for the size categories represented in the Alit 	 106
Dubhaig sub-reach 3 tracer set.
5.12. Monachyle Bum mean transport distances and associated standard
	
110
errors for Zingg shape categories.
5.13. Alit Dubhaig mean transport distances and associated standard errors 	 111
for Zingg shape categories.
5.14. Alit Dubhaig sub-reach 1 mean transport distances and associated 	 112
standard errors for Zingg shape categories.
5.15. Alit Dubhaig sub-reach 2 mean transport distances and associated 	 112
standard errors for Zingg shape categories.
5.16. Allt Dubhaig sub-reach 3 mean transport distances and associated 	 113
standard errors for Zingg shape categories.
5.17. Monachyle Bum mean transport distances and associated standard 	 114
errors for Powers angularity categories.
5.18. Alit Dubhaig mean transport distances and associated standard	 114
errors for Powers' angularity categories.
5.19. Allt Dubhaig sub-reach 1 mean transport distances and associated 	 115
standard errors for Powers' angularity categories.
5.20. Alit Dubhaig sub-reach 2 mean transport distances and associated 	 116
standard errors for Powers' angularity categories.
5.21. Allt Dubhaig sub-reach 3 mean transport distances and associated
	 116
standard errors for Powers' angularity categories.
6.1. Key to tracer population boxes on morphological exchange diagrams.
	
122
6.2. Line Key for morphological exchange diagrams.
	 123
6.3. Monachyle Bum morphological exchange.	 124
6.4. Allt Dubhaig morphological exchange. 	 126
6.5. Alit Dubhaig sub-reach 1 morphological exchange.
	 129
xiv
6.6. Alit Dubhaig sub-reach 2 morphological exchange. 	 130
6.7. Alit Dubhaig sub-reach 3 morphological exchange. 	 131
6.8. Monachyle Burn tracer stability based on morphological position. 	 132
6.9. Alit Dubhaig tracer stability based on morphological position.	 134
6.10. Alit Dubhaig sub-reach 1 tracer stability based on morphological position. 	 135
6.11. Allt Dubhaig sub-reach 2 tracer stability based on morphological position. 	 135
6.12. Alit Dubhaig sub-reach 3 tracer stability based on morphological position.	 136
6.13. Mean transport distances associated with the morphological position of 	 138
Monachyle Bum tracers prior to movement.
6.14. Mean transport distances associated with the morphological position of 	 140
Alit Dubhaig tracers prior to movement.
6.15. Mean transport distances associated with the morphological position of 	 140
Alit Dubhaig sub-reach 1 tracers prior to movement.
6.16. Mean transport distances associated with the morphological position of 	 141
Alit Dubhaig sub-reach 2 tracers prior to movement.
6.17. Mean transport distances associated with the morphological position of 	 141
Alit Dubhaig sub-reach 3 tracers prior to movement.
6.18. Mean transport distances associated with the morphological position of 	 143
Monachyle Burn tracers after movement.
6.19. Mean transport distances associated with the morphological position of 	 144
Alit Dubhaig tracers after movement.
6.20. Mean transport distances associated with the morphological position of 	 144
Alit Dubhaig sub-reach 1 tracers after movement.
6.21. Mean transport distances associated with the morphological position of 	 145
Alit Dubhaig sub-reach 2 tracers after movement.
xv
6.22. Mean transport distances associated with the morphological position of 	 145
Alit Dubhaig sub-reach 3 tracers after movement.
6.23. Principle bar storage zones within the Alit Dubhaig study reach. 	 152
7.1. Monachyle Bum vertical exchange. 	 157
7.2. Alit Dubhaig vertical exchange. 	 159
7.3. Alit Dubhaig sub-reach 1 vertical exchange. 	 161
7.4. Alit Dubhaig sub-reach 2 vertical exchange. 	 162
7.5. Alit Dubhaig sub-reach 3 vertical exchange. 	 163
7.6. Vertical distribution of tracer stones recorded during search 5 of the 	 168
Monachyle Bum.
7.7. Vertical distribution of tracer stones recorded during search 2 of the 	 170
Alit Dubhaig.
7.8. Vertical distribution of tracer stones recorded during search 5 of the 	 170
Alit Dubhaig.
7.9. Monachyle Bum tracer stability based on burial category. 	 172
7.10. Alit Dubhaig tracer stability based on burial category.
	
173
7.11. Allt Dubhaig sub-reach 1 tracer stability based on burial category.
	
174
7.12. Alit Dubhaig sub-reach 2 tracer stability based on burial category.
	
175
7.13. Alit Dubhaig sub-reach 3 tracer stability based on burial category. 	 176
7.14. Mean transport distances associated with the burial state of Monachyle 	 178
Bum tracers prior to movement.
7.15 Mean transport distances associated with the burial state of Alit Dubhaig 	 179
tracers prior to movement.
xvi
7.16. Mean transport distances associated with the burial state of Allt Dubhaig 	 180
sub-reach 1 tracers prior to movement.
7.17. Mean transport distances associated with the burial state of Alit Dubhaig 	 180
sub-reach 2 tracers prior to movement.
7.18. Mean transport distances associated with the burial state of Alit Dubhaig 	 181
sub-reach 3 tracers prior to movement.
7.19. Mean transport distances associated with the burial state of Monachyle 	 182
Bum tracers after movement.
7.20. Mean transport distances associated with the burial state of Alit Dubhaig 	 183
tracers after movement.
7.21. Mean transport distances associated with the burial state of Alit Dubhaig
	
183
sub-reach 1 tracers after movement.
7.22. Mean transport distances associated with the burial state of Alit Dubhaig
	
184
sub-reach 2 tracers after movement.
7.23. Mean transport distances associated with the burial state of Alit Dubhaig 	 184
sub-reach 3 tracers after movement.
7.24. Actual and model vertical exchange fluxes or the Monachyle Bum 	 191
7.25. Actual and model vertical exchange fluxes or the Monachyle Bum 	 191
8.1. Allt Dubhaig flood flow hydrograph 18-20:3:1989.	 199
8.2. Alit Dubhaig flood flow hydrograph 13-17:1:1981.
	
201
xvii
LIST OF TABLES.
No.	 TITLE PAGE
2.1. Recovery rates for a collection of chosen tracer studies which utilise
different techniques. Based partly on work from Hassan et al. (1984)
and Hassan and Church (1991).
29
3.1. Alit Dubhaig sub-reach 1 bed morphology classification. 41
3.2. Alit Dubhaig sub-reach revised bed morphology classification. 43
3.3. Allt Dubhaig sub-reach 1 slope and flow characteristics. (Source: 46
Ferguson and Ashworth 1991).
3.4. Allt Dubhaig sub-reach 2 bed morphology classification. 47
3.5. Allt Dubhaig sub-reach 2 slope and flow characteristics (Source: 50
Ferguson and Ashworth, 1991).
3.6. Alit Dubhaig sub-reach 3 bed morphology classification. 51
3.7. Alit Dubhaig sub-reach 3 slope and flow characteristics. (Source: 55
Ferguson and Ashworth, 1991).
3.8. Monachyle Burn bed morphology classification. 60
3.9. Tracer b-axis statistics. 69
3.10. Tracer mass statistics. 69
3.11. Allt Dubhaig searches and recovery rates. 72
3.12. Monachyle Bum searches and recovery rates. 73
4.1. Monachyle Burn summary tracer transport statistics. 76
4.2. Monachyle Burn searches ranked in terms of % horizontal tracer
movement recorded.
77
xviii
4.3. Monachyle Bum searches ranked in terms of tracer transport distances
	
78
recorded.
4.4. Allt Dubhaig summary tracer transport statistics.	 79
4.5. Allt Dubhaig sub-reach 1 summary tracer transport statistics.
	
80
4.6. Allt Dubhaig sub-reach 2 summary tracer transport statistics.	 80
4.7. Allt Dubhaig sub-reach 3 summary tracer transport statistics.	 81
4.8. Allt Dubhaig searches ranked in terms of % horizontal tracer 	 82
movement recorded.
4.9. Alit Dubhaig searches ranked in terms of transport	 83
distances recorded.
6.1. Monachyle Bum mean tracer stability percentages based on morphological	 133
position.
6.2. Allt Dubhaig mean tracer stability percentages based on morphological
	
134
position.
6.3. Alit Dubhaig sub-reach 1 mean tracer stability percentages based on 	 136
morphological position.
6.4. Alit Dubhaig sub-reach 2 mean tracer stability percentages based on 	 137
morphological position.
6.5. Allt Dubhaig sub-reach 3 mean tracer stability percentages based on 	 137
morphological position.
7.1. Monachyle Bum exposure, burial and vertical exchange rates. 	 166
7.2. Allt Dubhaig exposure, burial and vertical exchange rates.	 166
7.3. Monachyle Burn summary burial statistics. 	 168
7.4. Alit Dubhaig summary burial statistics.	 169
xix
7.5. Downstream comparison of mean burial depths within the Alit Dubhaig 	 171
study reach.
7.6. Monachyle Burn tracer searches ranked in terms of % vertical exchange 	 187
activity recorded.
7.7. Alit Dubhaig tracer searches ranked in terms of % vertical exchange activity	 188
recorded.
XX
LIST OF PLATES.
No.	 BRIEF DESCRIPTION	 PAGE
1. Determination of the surface and sub-surface grain size distribution. 	 39
2. OTT water level recorder.	 39
3. Establishing a stage/discharge rating. 	 39
4. Tracer seeding.	 39
5. Alit Dubhaig sub-reach 1. 	 44
6. Allt Dubhaig sub-reach 2. 	 44
7. Allt Dubhaig sub-reach 3. 	 54
8. Monachyle Bum.	 54
9. Heliflux GA-52 magnetic locator. 	 70
10. Mapping of tracer positions by triangulation.
	
70
xxi
1. INTRODUCTION.
CHAPTER 1.
INTRODUCTION.
1.1. THE STUDY OF GRAVEL BED RIVERS.
Gravel bed rivers are characteristic of upland regions where steep slopes are
responsible for flows competent to mobilise coarse grained material. Gravels are defined as
clasts with diameters of over 2mm and can be further sub-divided into granules (<4mm),
pebbles (<32mm), cobbles (<256mm) and boulders (>256mm). Study of gravel bed rivers
has been undertaken primarily by workers from two distinct backgrounds; the fluvial
geomorphologist and the hydraulic engineer. The volumes edited by Hey, Thome and
Bathurst (1982, 1987) and Billi, Hey, Thome and Tacconi (in press) highlight the diversity
of the work undertaken by the two groups, whose approaches to study often appear quite
different due to the nature of the problems they address. For instance, there is a major
change of time-scale emphasis between engineers, who need to think in terms of years or
decades, and geomorphologists, who take account of processes acting over periods
measured in hundreds of years. Another difference is that the engineer is primarily
concerned with solving specific localised problems, while the geomorphologist attempts a
broader understanding of processes. Given the difference in emphasis it is not surprising
that the basic research techniques of engineer and geomorphologist are also often different.
Quantitative models derived mainly by engineers are based predominantly upon the
findings of laboratory study. Geomorphologists tend to work in the field identifying
relationships which, because of the increased complexity of the natural system, are much
more difficult to quantify, making them of limited use to the engineer. Unfortunately it is
the complexity, due to the interrelationship of variables, many of which are not present in
simulations, which is the cause of discrepancy between expected and observed bedload
transport when the models are applied to real rivers. Having said this it is probably within
the field of fluvial processes, and in particular sediment transport, that co-operation
between geomorphologists and engineers is closer than any other sphere in which the two
parties share concerns. This is highlighted by the regular gravel bed river workshops
(Gregynog 1980, Pingree Park 1985 and Florence 1991) at which geomorphologists and
engineers exchange views and ideas.
It is obvious from the interest shown by engineers that gravel rivers are studied for
a number of objectives apart from those of academic geomorphology. Neill and Hey (1982)
list four areas of engineering which involve work within gravel bed rivers.
i. River crossings. Bridges, pipelines, or transmission lines.
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ii. Riparian faculties. River intakes, navigational improvement, channel stabilisation, bank
protection and flood prevention.
iii. Regulation schemes. Water supply or power generation.
iv. Ecology. The implications of engineering practices on river ecosystems and fishery
concerns.
As far as constructional projects are concerned an engineer would strive to achieve
as little change to a river's behaviour as possible; a knowledge of bedload response to
changes in flow dynamics is crucial for this type of prediction. Construction plans would
also take into account the erosive power of mobile material, and potential bed scour depths
around foundations. In terms of ecology a major consideration is that of fish spawning
habitats which have been the subject of an increasing amount of literature. Of primary
importance to this particular area of research is consideration of gravel stability, because
bedload movements once eggs have been deposited, or just after hatching, jeopardise the
safety of the fish population. As a good introduction to this aspect of bedload transport
investigation the work by Carling and Hurley (1987) is recommended.
There are basically three approaches to the study of bedload transport. The first two
involve modelling, and broadly speaking these are the methods historically favoured by the
engineering community. The first of the modelling approaches makes use of hardware such
as flumes or scale models. Laboratory experiments are useful because they provide an
element of control, with those variables not being tested maintained at constant values.
Unfortunately this does make the system unrealistic and many interrelationships or
relatively unpredictable occurrences are not taken into account. The second type of
modelling involves the development of mathematical or software models, these are based
upon physical processes, usually data from flume or field work, but are simulated as
theoretical models. Both these modelling approaches are of use to the engineer in solving
specific problems, but if applied generally are often found to brealc down.
The study of actual rivers is the third approach to investigating fluvial processes,
and it is within this area that the geomorphologist takes the most active role. Such work
provides the most accurate descriptions of processes and the data collected is essential in
the development and verification of models. Unfortunately, the complexities of the natural
system often make results hard to interpret, and field conditions can make data collection
difficult or even hazardous. Determination of sediment transport parameters in the field
can be approached in several ways. Small individual river reaches can be studied in great
detail, allowing the collection of very accurate but site specific data. A wider ranging study
encompassing morphologically different rivers would not allow the development of such an
accurate local understanding, but may help to highlight the control of variables that differ
between sites. The manner in which field data is collected depends upon the nature of the
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data required, detailed descriptions of techniques are given in Section 2.2. For the sake of
this introduction methods can be simply divided into trapping and tracing. Trapping
techniques catch material in transport and therefore provide details of the amount and
calibre of sediment in transport at a given time, but not of transport step lengths or
pathways. Tracing techniques allow the movement of individual tagged stones to be
monitored. Such methods allow assessment of the mobility of the labelled population, but
not the bed material as a whole. The advantage of tracing is that details of transport
distances and paths can be recorded.
No one approach to the study of gravel bedload transport can be singled out as the
most appropriate, indeed consideration of the literature reviewed in Section 2.1 will show
that our understanding of processes has progressed to its present level due to the diversity
of evidence derived from the many techniques applied.
1.2. THE PROBLEM.
Bedload transport within gravel bed rivers is undoubtedly one of the most important
influences controlling the other characteristics of such rivers such as erosional power and
morphology, but there is still a defmite lack of practical field-based knowledge pertaining to
the processes involved. This is partly a reflection of the complexities of the natural system,
which produce different responses to apparently similar conditions between different
rivers, or even within the same river. It has been demonstrated that there are numerous
problems to be addressed, many possible experimental variables, and a diversity of
methods that can be used to study bedload transport. The reasons for the high degree of
deviation from some theoretical models are the complex interrelationships between field
variables, which cannot be modelled within the confinements of the laboratory flume or
accurately predicted in mathematical formulae. The numerous approaches to field study act
as a reminder of the difficulty in obtaining accurate and meaningful results outside the
control afforded by laboratory work. Typically individual parameters have been singled out
for study, for example, the definition of a relationship between bedload transport rates or
distances with peak flow values, or relationships between bed material size and
transportation, very rarely has a multi-variable approach been taken. Clast form details have
been studied within the laboratory but rarely considered in field studies, therefore shape
and angularity of bed material should be introduced into field based relationships. There is
also limited data concerning scour and vertical exchange of material in perennial streams, a
problem singled out by Neill and Hey (1982) as worthy for study due to consideration of
bridge support scour but only really studied within ephemeral systems, Leopold et al
(1966), Schick et al 1987a and b, or Hassan (1988).
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1.3. AIMS AND METHODS.
The rationale behind this particular project was simple, to use the most promising
experimental technique available to collect a multifaceted data set which encompassed
flow, bed material sedimentology, clast channel position and burial state. This could then
be used to analyse and explain patterns of sediment movement, vertical exchange and
sediment storage in two contrasting Highland streams. It was intended that the choice of
sites would allow any disparity between results to be accountable by differences in stream
characteristics. It was hoped that a generic model could then be developed, encompassing
the variables that were found to be closely related to the actual patterns of downstream
sediment fluxes.
The chosen method of study involved magnetic tracing of specially tagged clasts
which were native to the sites and therefore representative of bed material in terms of bed
material size distribution, form and Ethology. The method is based on pioneering work by
Schick and his co-workers in Israel, who developed a technique which was successful in
terms of impressive recovery rates at a relatively low cost (Hassan et al. 1984 and Hassan,
1988). Alternative tracing techniques considered were either restricted by safety factors, in
the case of radio-active tracing, or by expense, in the case of radio tracing methods. The
trapping or continuous monitoring of bedload transport using specially erected equipment
was considered to be too costly, required much more manpower than was available, and
would have been too time consuming in construction and initial rating to be realistically
employed in such a short term project (time constraints allowing a 1 1/2 year maximum field
commitment). Furthermore, tracing, as opposed to trapping or continuous monitoring, was
believed to be the most suitable method of study because it allowed assessment of the roles
played by selected clast properties considered as potential controls of particle motion. These
properties were the size, shape and angularity of individual clasts, and their bed positions
in terms of both local morphology (bar, riffle or pool) and vertical location within the bed
(surface or sub-surface).
The main site for research was the Allt Dubhaig within the River Tay catchment,
while a smaller parallel investigation was initiated on the Monachyle Bum in the Trossachs.
Both of the rivers were gauged, therefore allowing assessment of the role of flow in
determining the patterns of transport observed. For this investigation the typical use of peak
flow discharges made in most previous work was to be augmented by the consideration of
flood duration. The rivers chosen for study differed greatly, the Allt Dubhaig had a
catchment area almost twice the size of the Monachyle, while the bed material showed
contrasts in size distribution and particle form, both between streams and the three sub-
reaches identified at the Dubhaig. Morphologically speaking most of the Monachyle reach
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formed a straight single thread channel, while the sub-reaches of the Dubhaig progressed
from braided to meandering.
In terms of transport statistics, both occurrence and magnitude of horizontal and
vertical fluxes were considered. It was also felt that, if a sub-population of the tracers had
displayed movement between the regular searches made of each river, the non-movement
of another set of clasts was also equally important, as this represented periods of storage
for those clasts. The experimental variables were therefore also assessed in terms of storage
potential as well as transport itself.
Although one of the principle aims of the project was to determine the effect of a
collection of variables on gravel bedload transport processes it was felt that a multivariate
statistical approach was unsuitable. Such a decision was made at the beginning of the
project based on the qualitative nature of some of the variables considered, morphological
position for example. During the fieldwork phase of the investigation it was again made
clear that such analysis would be not have been suitable due to gaps in the data base which
were unavoidable given the experimental conditions.
1.4. THE THESIS.
The thesis is organised in the following manner. Chapter 2 is a two part review of
previous work. The first half is concerned with the development of the major principles of
gravel bedload transport to the level of current understanding. Particular attention is paid to
the role of the variables considered during this research. The second section of the chapter
reviews the field procedures that have been applied to the study of bedload transport,
detailing the reasons for the choice of magnetic tracing as the optimum technique for this
particular investigation. Descriptions of the study reaches and experimental details follow in
Chapter 3. The criteria used for determining the suitability of the two field sites are
considered before full details of their sedimentology, morphology and flow regime are
presented. The technique of magnetic tracing is described in terms of tracer production,
seeding and relocation.
The first sets of results are considered in Chapter 4, which is used to serve two
purposes. The initial section deals with a description of the observations of horizontal
transport occurrence and distances. The second part of the chapter then considers these
results in relation to flow conditions. The format of this chapter is similar in style to each of
the next three, which, considered together, form the main analytical body of the thesis. In
each of these chapters results are presented, described, and analysed using a number of
statistical tools before being discussed. Results from the individual streams are considered
separately until the discussion sections. In consistently employing this structure, each of
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the individual analytical chapters provides a detailed evaluation of the role played by the
variable under consideration in determining the recorded transport and storage.
Specifically, Chapter 5 investigates the role of bed material properties. The first
section considers the transport patterns in terms of relationships these may have with clast
size, in terms of both individual tracer mass, and categories based primarily on b-axis
length. The second section deals with the influence of clast form on transport and storage
potential. The two form variables of shape and angularity are considered.
The influence of bed morphology (pools, riffles and bars) on transport and storage
are assessed in Chapter 6. Initial descriptions of the patterns of transport and storage are
revealed on diagrams which illustrate the movement of tracer material between all the
morphological units between searches. Tracer stability and transport distances are
investigated separately in relation to bed position within the next two sections of the
chapter, completing the details of the analyses undertaken. In terms of discussion, a brief
assessment of the roles played by pool and riffle in determining transport characteristics is
made but the main focus is the function of bars in determining sediment availability by
temporary storage.
Chapter 7, the final analytical chapter, investigates the processes of vertical
exchange. It begins with a description of the vertical flux of sediment between exposed and
buried positions for each stream. The nature of the relationship between vertical and
horizontal exchanges under the control of flow conditions is determined in relation to the
amount of exchange taking place, and the burial depths at which material is recovered. The
applicability of the concept of vertical exchange equilibrium (the constant ratio of burial and
exposure exchange components) is then considered. Finally, the role of the bed sub-surface
in terms of sediment storage potential is assessed in a similar fashion to the investigation of
bars made in the preceding chapter.
Having assessed each of the controlling variables on bedload transport individually,
Chapter 8 attempts a synthesis of the conclusions drawn within the discussion sections of
each of the previous four chapters. A conceptual model of three-dimensional bedload
transport, involving all the variables considered which were found to produce a response in
terms of transport or storage, is proposed. The model is, of necessity, site specific and
generic, but it is hoped that it would be applicable across a wide range of similar perennial
streams in humid temperate environments. In terms of future research, suggestions made
throughout the thesis are summarised and expanded at the end of Chapter 8. The most
important foci for further study are identified, and methods by which their study can be
achieved are considered. It is believed that, with further investigation of the large data set
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collected, and future fieldwork or retrospective re-analysis of previous studies, the model
may be made somewhat more quantitative at an individual river reach scale.
A brief summary of the whole thesis is made in Chapter 9, bringing the main text to
a conclusion. Four appendices then provide specific experimental detail. The first lists the
sedimentological characteristics of each tracer and details of their seeding positions. The
second appendix tabulates the tracer transport distances between searches and over the
entire experiment. The final two appendices concern the changing morphological positions
and burial states of tracers during the period of investigation.
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CHAPTER 2.
BEDLOAD TRANSPORT PROCESSES.
The purpose of this chapter is to identify major advances made in the understanding
of sediment transport processes in gravel bed rivers, paying particular attention to the
principle topics of investigation considered within this PhD project. The first section (2.1)
outlines the principles of bedload transport with sub-sections dealing with the roles of
flow, bed sedimentology and structure, reach morphology and vertical exchange in
determining transport characteristics. The second section (2.2) reviews field procedures for
measuring bedload transport, in particular the evolution of bed material tracing techniques.
2.1. PRINCIPLES OF GRAVEL BEDLOAD TRANSPORT.
Once the forces created by flowing water acting upon a bed particle overcome the
forces resisting motion, any additional traction force applied will cause the particle to move.
After movement has begun the factors continue to interact to determine the rates of transport
and the amount of material in motion.
2.1.1. HORIZONTAL BEDLOAD TRANSPORT AS A RESPONSE TO FLOW.
Much of the early experimental work in the field of bedload transport related flow
parameters to particle size at the onset motion. This work was typically laboratory based
and considered uniform mixes of a single bed material size and form. Initial research by
HjulstrOm (1935, 1939), supported by the later findings of Lane (1955) and theories of
Bagnold (1980), suggested that higher stream velocities were required for the transport of
increasingly larger sized bed material. It was generally accepted that the difficulty in
measuring near bed velocities (to represent the water/sediment interface), and the variability
in the relationship between mean profile velocity and bed velocity with flow depth (Lane
1955), made the application of a critical value of tractive force (shear stress) for entrainment
more generally applicable between contrasting sites. Derivation of a shear stress value for a
channel (t) is given by du Boys' equation (Equation 1).
=pghsincc
Where:
'I is the downslope shear stress
p is the water density (1000 kg m -3)
g is the acceleration due to gravity (9.8 m s-2)
h is the water depth
a is the channel slope
Equation 1.
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Shields (1936) developed a flume based relationship between critical shear stress and
particle diameter for beds of uniform sand using Equation 2.
Ef = tc/(Psg.d)
Equation 2.
Where:
Ef is the Shields' entailment function
'Lc is the critical shear stress for entrainment
psg is the submerged particle specific weight
d is the particle diameter
For a coarse gravel bed, Shields (1936) obtained an expression for the entrainment
function (Equation 3) by extrapolating the tend shown by experimental beds, made of
uniform grain sizes in the 0.4mm to 3.4mm range.
Ef = 0.056
Equation. 3.
The work of Meyer-Peter and Muller (1948), and Neill (1968) involving coarse bed
material suggest that this value of the entrainment function is too high. In his review of
previous authors work Andrews (1983) reported an actual range of entrainment functions
for gravel beds between 0.02 and 0.25, with median values of 0.045 to 0.06. A major
source of this deviation from theoretical threshold conditions is believed to be the
experimental use of uniform sized bed material, a condition not met in nature. In another
review, Komar (1987) considered the field results of Milhous (1973), Carling (1983) and
Hammond et al (1984), and the flume data of Day (1980). It was noted that in each of the
studies larger particles of a size distribution were moved at flow stresses lower than those
required to theoretically entrain that particular grade from a uniform bed. Conversely finer
size fractions required greater flow stress than expected for a uniform bed.
Further bases for deviations from Shields' entrainment function were identified by
Scott and Gravlee (1968) who considered the role of flow depth in bedload entrainment. In
shallow water entrainment was seen to occur at lower shear stress values than predicted by
a Shields type relationship, but in deeper flows the stresses required for entrainment were a
lot greater than theoretical values. Baker and Ritter (1975) also noted this relationship while
comparing the results of Baker (1973), Lane (1955), Fahnstock (1963), and Kellerhals
(1967). Baker and Ritter (1975) commented that the Shields type approach is based entirely
on tangential forces of push and drag exerted by the flowing water, with no consideration
to the lift forces which are also recognised to play a role in the initiation process. Vertical
9
2. BEDLOAD TRANSPORT PROCESSES.
forces originate in two forms. Firstly there are totally unpredictable random momentary
upward bursts of turbulence, these could never be part of any predictive initiation
relationship. Secondly, and far more accountable, there are the pressure effects from the
velocity gradient impinging on a bed particle. As water passes over a protruding surface
particle the streamlines will converge and flow velocity will increase, this causes the
pressure acting on the grain from above to diminish allowing the particle to rise. These
Bernoulli type lift forces (Gasiorek and Carter 1967) would be maximised in shallow rapid
flow where initiation has been shown to take place at lower shear stresses than predicted.
In deeper flows, where the near bed water velocity is a very small fraction of the mean flow
velocity, Bernoulli lift would be negligible compared to the tangential forces.
Once entrained, gravel bed material continues to move as rolling, sliding or saltation
load in a series of steps separated by rest periods. The velocity of grains in motion cannot
be as high as the water conveying them due to the roughness effects of the bed. However,
Meland and Norman (1966) suggested, during the derivation of their semi-empirical
formula for prediction of bedload velocity, that as stream power increases particles in
motion tend to travel nearer the top of the bed without descending fully into the depressions
below. This lessens the roughness effects at high flow and allows transport to occur at a
rate proportionally closer to that of the water.
Certainly the greatest deviations from theoretical relationships between flow
parameters and sediment transport were identified in flume work by Williams (1970), and
continuous bedload monitoring field work at Turkey Brook by Reid et al. (1985). This
research demonstrated abrupt cessation of bed load transport on the rising limb of an
hydrograph, with re-commencement on the receding limb, after the water has fallen to a
level similar to that at which transport apparently ceased. Reid et al. (1985) suggested that
when the water depth reached a critical stage (about 0.9m at Turkey Brook) turbulent
eddies dissipate away from the bed and were not likely to disturb bed material. However,
Carson and Griffiths (1987) make other suggestions, linking the observed phenomena in
Turkey Brook firstly to a change in the nature of transport, from rolling and sliding to
saltation, resulting in by-passing of the slot trap used. Specific site characteristics peculiar
to Turkey Brook at high stage, namely a decline in width/depth ratio and changes in water
surface slope, were also sited as possible causes of the unusual observation. It is probable
that the suppression of bedload transport at high flow is not a universal effect.
Overlooking the suggestion of suppression of transport at high flows, bed material
motion will cease when a threshold on the declining limb of the hydrograph is passed.
Gilbert (1914) realised that the critical flow value for initiation of movement is significantly
higher than that needed to maintain motion. This is verified when considering the
downstream transport of material entering the flow (not entrained from the bed) at shear
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stresses or velocities below the critical threshold. Therefore it follows that the flow
threshold for cessation of motion will be at a lower value than that required for entrainment
within the same system. Working in terms of a critical mean profile velocity for deposition
Ishbash (1936) derived the function given as Equation 4.
vcd = 5.3 [(Gs - 1)d] 0.5
Equation 4.
Where:
\red is the critical mean velocity for deposition
Gs is the particle specific gravity
d is the particle diameter
Reid et al. (1985), working at Turkey Brook, produced results which showed that
bed shear at initial motion, as a flood hydrograph rises, is up to three times greater than the
value at which motion stops on the recession limb. The authors believed the contrast
between static and dynamic friction to be partly responsible for this observation, together
with sedimentological considerations to be discussed within Section 2.1.2.
A further transport variable to consider is that of step length, the distance moved by
a clast during a flood event. The earliest work to consider gravel bedload transport
distances was undertaken in a series of flume experiments made by Einstein (1937). He
concluded that the steps that a clast takes during a flood are of random length, as are the
durations of the independent rest periods. It was assumed that step length and rest periods
were negative exponential variates. Given this consideration the distribution of distances of
movement of a particle for a given number of steps would be a gamma variate (of which the
exponential is a special case), and the distribution of transport distances after a given period
of time is a compound Poisson process which accounts for the number of steps which may
have been taken. These relationships were substantiated by flume and field work by Sayre
and Hubble (1964 and 1965) and Hubble and Sayre (1965), but not followed up by other
workers for about twenty years. The ideas were taken up again recently by Hassan (1988),
Hassan and Church (1990) and Hassan et al. (1991), who considered their own work and
that of a number of other field workers. These authors reported that the gamma and
compound Poisson models showed a reasonable fit for small mean displacements at a
variety of sites. Schick et al. (1987 b) working in the ephemeral Nahal Yael in Israel,
reported that the probability of a single particle being entrained and transported over a long
distance was only about 10%, and totally random. The probability of the same particle
undergoing two consecutive long trajectories was thus as low as 1%. In this way a flood
transports a limited number of pebbles long distances, while the majority are displaced by
short steps. As the selection of particles for transport is totally random, a continuing
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sequence of flood events will tend to diminish the differences between individual particle
transport distances over time.
In terms of a relationship between transport distance and flow it is obvious that
more individual transport steps can be taken the longer a flood exceeds the critical threshold
value. It would usually be expected that long duration floods are associated with high flow
peaks.
2.1.2. HORIZONTAL BEDLOAD TRANSPORT AND BED SENMENTOLOGY.
Bed material calibre has already been considered to have some influence on
transport processes with the idea of selective entrainment of smaller particles at lower flow
velocities or lower shear stress. A major source of the disparity between the theoretical
values of critical shear at transport initiation and those recorded in the field, as highlighted
in Section 2.1.1, was the experimental use of a uniform mix of bed material, in terms of
size, form (shape and angularity) and the way in which individual grains were set into the
general bed structure.
2.1.2.1. Bed material size.
While considering the effect of a non-uniform size distribution of sand and fine
gravel on transport rates, Einstein (1950) established an empirical relationship describing
the "hiding" effect of larger particles on smaller material. The effect is a function of the ratio
of the size of the particle to be moved to a characteristic particle diameter for the sediment,
commonly taken to be the median.
An important consideration which arises in a mixture of sediment sizes is the
variation in the degree of exposure of different particles above the general bed surface level,
and therefore exposure to flow, due to local pocket geometry. Fenton and Abbott (1977)
attempted to isolate the role of relative exposure in transport initiation using a series of
flume experiments. It was found that when the test particles were completely exposed to the
flow the critical shear stress required for movement was understandably very low. As the
degree of protrusion above the bed surface was decreased the expected rise in critical shear
stress occurred rapidly. Once the test particle was set as far as 0.2 times it's grain diameter
below the general bed surface the critical shear had risen by a factor of 30.
Obviously one of the factors responsible for such an observation is the surface area
of the clast exposed to the flow, but there are other considerations to be made, primarily the
role of the pivoting angle (White 1940) between adjacent grains of contrasting size at the
onset of movement. This has been investigated in a series of tilting board experiments by
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Komar and Li (1986) and Li and Komar (1986). The authors determined that the pivoting
angle is dependent upon the ratio between the size of the clast to be moved and the size of
the particle against which it rests. If this ratio (the D/K ratio) was large the pivot angle
through which the grain had to rotate was small, and as a consequence less tractive force
was required to bring about movement than if the D/K ratio were smaller. This dependency
of the pivot angle on the D/K ratio suggests that in a mixed gravel bed larger grains with
smaller pivot angles would be more easily entrained than the smaller grains. This can be
quite easily envisaged, as it is obvious that less force would be required to move a large
stone over a smaller one than if the situation was reversed.
Over the last decade the opinions of a number of authors have clashed over whether
relative size effects were powerful enough to produce a situation of equal mobility between
large and small particles (Parker et al. 1982), or to just reduce the degree of size selectivity
(Komar 1987a and b, Komar and Shih 1990 and Diplas 1987). All of these works were
initially based (at least in part) upon data collected from Oak Creek (Milhous 1973), a
straight low energy stream in western Oregon. Parker et al. (1982) used an assumption of
equal mobility in the derivation of transport rates for different size fractions. If this were the
case, at a single threshold value all sizes of bed material would be entrained in equal
proportions to the size distribution of the bed. As flow increased so would transport rates
but the size distribution of the material in motion would remain constant. Using this
method of analysis a reasonable comparison between predicted and measured transport
rates was established and the principles received theoretical support from Weiberg and
Smith (1987). However, at high flow values the bedload measurements taken did suggest a
coarsening of material in motion. Subsequent transport calculations using the same initial
data set were developed. Diplas (1987) proposed the modification of a constant exponent
used by Parker et al. (1982) into a range, the value changing with increasing grain size.
Komar and Shih (1990) advocated an approach apportioning a calculated total bedload
transport rate within the grain-size frequency distribution (in the case of Oak Creek a Rosin
distribution) to determine the fractional transport rates. Both of the methods developed
subsequent to Parker et al. (1982) predicted changing bedload grain sizes with increased
flow, and achieved more accurate estimations of recorded transport rates. By way of a
contrast to Oak Creek, the work of Ashworth and Ferguson (1989) was based upon
recorded movement in three high energy rivers (the Feshie and Allt Dubhaig in Scotland
and the Lyngsdalselva in Norway). On addressing the concept of equal mobility using
findings pertaining to the sizes of material transported at different shear stresses, fractional
transport rates and tracer movement, consistent results suggested a strong relative-size
effect on entrainment thresholds, but not the total elimination of size-selective transport
which is taken to be responsible for increases in the D50 of bedload and a progressive
increase in the size of tracers entrained as measured shear stresses increased. Taking a
laboratory based approach to the question, Wilcock (1990) working with different grain
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size mixtures in a flume study found that in a uni-modal or weakly bi-modal sediment mix
the critical shear for each size fraction was represented by a value slightly smaller than the
Shields value for the D50 of the mixture (50% finer or coarser than). By way of a contrast,
strongly bi-modal mixtures show finer fractions beginning to move at shear stresses
considerably smaller than the coarse fractions.
There is a considerable body of tracer study data which shows no correspondence
between particle size and transport distance. This collection of work includes material by
Einstein (1937), and Keller (1971) amongst many others. However Laronne and Carson
(1976) show a slight negative correlation, with larger clasts travelling shorter distances.
This finding is supported by Hassan and Church (1990) who, in consideration of a
collection of tracer studies, highlight the use of a narrow size range of tracers within the
majority of experiments. They show that if data collected in a wide range of tracer studies is
considered as a whole, there is a suggestion that large particles travel shorter distances. As
a physical basis for this observation the higher flow value required to entrain and to keep a
larger particle in motion may be considered, as well as possible variations in transport
velocity, i.e. selective entrainment, transport and deposition based upon tracer size.
2.1 2.2. Bed material form.
Li and Komar's (1986) joint works, considered briefly in the previous section, also
help introduce another important variable into the discussion, namely particle shape. On
their tilting board apparatus the authors worked with three distinct sediment particle types;
synthetic spheres, natural triaxial ellipsoidal clasts and angular crushed basalt pebbles. The
board apparatus was gently tilted until the instant of grain motion, at which point the tilt
angle of the board was equal to the pivoting angle for the grain. For the spheres it was
found that the pivot angle decreased with respect to increasing particle diameter. Ellipsoidal
clasts demonstrated the same relationship, except that the tilt angles at the onset of motion
tended to be of higher values and clasts often slid, rather than rolled, out of position. It was
therefore concluded that clast shape was an important influence on the onset of motion,
especially in terms of the c/b axis ratio, which governed a grains ability to either pivot or
slide out of position. Clasts with small values for this ratio tended to slide out of their
stationary position, whereas ratios closer to unity for rounded clasts allow true pivoting at
smaller angles. The angular basaltic clasts generally required the highest tilt angles to be
reached before pivoting occurred because of a tendency to interlock with each other.
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2.1.2.3. Bed Structure
The interlocking effects demonstrated by a bed of angular gravels during the
experiments of Li and Komar (1986) highlights that the geometrical arrangement of
individual grains in relation to each other has an important influence upon the onset of
bedload motion. Church (1979), identified three major types of bed surface common to
gravel bed rivers, (Figure 2.1), and assessed the relative mobility of individual particles set
within each. A "normal" bed surface, Figure 2.1(a), has particles randomly packed and
allows about half of the topmost layer to be available for transport. Most experiments have
assumed this condition but naturally it is the least common of the three bed states. The
"over loose" boundary bed type (b), in which particles are dilated, is commonly a result of
dispersive stresses within a waterlogged sediment bed. Such "quick" conditions can be
associated with sediments of a size up to, and including, medium gravels, and this
condition allows the whole of the top layer of particles to be available for transport. Church
(1979) listed entrainment function values as low as 0.002 for such a bed, very much lower
than values proposed by Shields, (Section 2.1.1). Finally, the "underloose" boundary
condition (c), which is the most common in natural gravel streams, has material resting in a
closely packed or even imbricated state (in which the long axis of clasts are turned
transverse to flow and dip upstream at 200 to 300), increasing the beds structural strength
resulting in Ef values as high as 0.12. Li and Komar (1986) considered the effect of
imbrication on entrainment with their tilting board and concluded that the pivoting angle
increased by the angle of imbrication over an equivalent non-imbricated grain.
During monitoring of bedload at Turkey Brook, to be described in Section 2.2.1,
Reid et al. (1985) (refer to 2.2.1) observed that the values of critical shear stress for a
natural river bed vary between successive floods. The authors suggested these changes
were a result of the amount of time available between floods for the ingress of finer
sediment into the voids between surface clasts to create a strengthened bed. In support of
this, it was noted that after a long period of inactivity bedload transport did not begin until
the recession limb of the flood, after the structure had been loosened by flushing on the
rising limb.
Gravel bed rivers typically display some degree of stratigraphical variance, usually
with the upper most layer of particles being statistically coarser than material below. The
formation of this feature has been the centre of controversy, in terms of nomenclature and
origin. Bray and Church (1980) proposed a genetic distinction between two forms. An
"armour" would be formed by in situ winnowing of interstitial fines of size less than 8mm.
A "pavement" would form by rearrangement of bed material at times of extreme flooding as
a dynamic effect. These definitions would suggest that a paved bed displays only rare
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movement whereas armouring would undergo frequent gravel transport at times of high
flow. However these definitions directly contradicted some terminology previously
employed and it was not clear whether the grain size difference quoted was always
consistent with the distinction based on frequency of movement (Parker et al. 1982). After
assessing these problems Carson and Griffiths (1987) proposed the non-generic term
"cover layer". Such terminology will be employed in this thesis, in which the formation of
such stratigraphic variance is not an issue, although it is recognised that, as yet, the term
has not been widely accepted.
a. "Normal" surface layer.
b. "Overloose" surface layer.
c. "Underloose" surface layer with some
imbrication.
FLOW
Material most likely to
be entrained.
Figure 2.1. Bed surface stability based on geometrical structure. (After Church 1979).
Whatever it's origin the coarse surface layer seems to play an important role in
gravel transport processes. Andrews and Parker (1987) suggest that a mobile pavement is
an essential component of the mechanism responsible for equal mobility between coarse
and fine material, a condition those authors advocate (see 2.1.2.1). The over representation
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of coarse particles on the surface eliminates any difference in mobility remaining after
consideration of relative exposure (Sub-section 2.1.2.1) by making them more available for
entrainment. The bed surface can also limit the amount of sediment available for movement.
Emmett (1976) and Reid et al. (1985) both note the importance of the sudden breaching of
the armour layer in making smaller sub-layer particles available to a flow strength which
has already exceeded that appropriate for their initiation.
As shear values approach those required for the onset of motion isolated bedload
movement within a natural stream has been noted. These grains are described as
overpassing the static bed (Everts 1973) and are largely set in motion because they held
superficial bed positions and were therefore exposed to fast moving flows high in the
boundary layer. It is also envisaged that some isolated movement, especially when
occurring at shear stresses below the theoretical critical value, is a result of minor surface
instabilities, perhaps caused by physical interference, or the direct introduction of material
into the flow.
At shear stresses greater than the threshold value of motion, two modes or phases
of transport have been identified. The first mode has been described as "wave-like" and
involves pulses of bedload movement. Observations of this mode of transport have been
made in the field by Reid et al.(1985), and Tacconi and Billi (1987), amongst others, and
simulated in the flume by workers including Iseya and Ikeda (1987). These rhythmic
variations have been linked with braided river morphology (Hoey and Sutherland 1991),
bedform migration (Gomez et al. 1989), changes in sediment availability due to
longitudinal sediment sorting (Iseya and Ikeda 1987), differences in the concentration of
particles in a slow moving traction carpet representing kinematic waves (Reid et al. 1985),
or limitation of sediment availability due to the coarser surface layer (Gomez 1983). All of
these suggestions seem to be fairly site (or experiment) specific, involving characteristics
not common to all watercourses. At present it would seem that a collection of different
processes, and therefore probably a certain degree of interaction between them, may be
responsible for short term fluctuations in recorded sediment transport rates. A very much
more detailed review of temporal variations in the bedload transport rate is provided in the
introductory section of Gomez et al (1989).
At extremely high river discharges the mode of transport has been observed by a
small number of authors to become continuous and much more extensive. Tacconi and Billi
(1987) noted the continuous movement of a great deal of bedload as a "carpet" or "sheet".
This was envisaged to represent the largely complete rupture of the surface armour with
motion occurring as a moving layer a few clast diameters in depth.
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2.1.3. BEDLOAD TRANSPORT AND MORPHOLOGICAL POSMON.
The morphology of rivers can be described at a number of scales. The river as a
whole can be described as a sand or gravel bed channeL Individual reaches of the same
river can differ in terms of channel pattern, from very high energy straight reaches, through
braiding, where the channel is divided by multiple bars, and into a mature meandering
pattern with associated point bars. Bars were defined by an American Society of Civil
Engineers task force (1966) as being bedform deposits of gravel with lengths equal or
greater than the channel width and heights comparable to the mean depth of the generating
flow. These definitions seem rather limited, failing to identify the full hierarchy of bar
height and size seen to exist. Bars form where bed shear stresses decrease and bedload is
preferentially deposited. Suitable sites include areas of channel widening, confluences
where higher energy tributaries enter the main river, or, in the case of meander point bars,
on the apex of beds. Such sediment accumulations are a result of flow hydraulics with
material coming out of motion where the flow diverges. Once built, bars themselves effect
the flow and are very often self preserving by way of positive feedback systems. The most
notable exceptions to the concept of relatively permanent bar features are the actively
changing braided gravel bed rivers, where, to accommodate frequent channel shifts, bars
are seen to be mobile or of a more transient nature. Jaeggi (1987) provides details of
experimental relationships between bar migration and bedload transport in gravel rivers.
During extreme flow events bar destruction, or extensive alteration, is commonly noted in
the field (Ferguson and Werritty,1983). Bar development in braided streams results from
the development of multiple cells of secondary circulation, superimposed on the
downstream flow within the typically wide channels. The secondary circulation cells
develop largely due to variations in bed roughness. Point bars at meander bends are
associated with secondary currents generated onto bars allowing the material in transport to
be pushed up onto the bar as well as downstream. Church and Jones (1982) identified bars
as sites of sediment storage, concluding that most of the material on bars remains immobile
during the majority of flows. The role of bars as sediment stores was also taken up in the
work of Hassan et al. (1991), who believed that the gamma and compound Poisson models
for the distribution of particle displacements, discussed in Sub-section 2.1.1, were
disrupted for long transport distances by the presence of bars acting as sediment traps,
resulting in tracer distributions no longer remaining the product of random processes.
Ashworth and Ferguson (1986) and Bluck (1987) note size and shape sorting on bars,
based upon their fabric, suggesting that they are responsible for altering patterns of bedload
transport by selective trapping. Typical gravel bars have a topographically high, relatively
coarse grained, upstream head and a lower, finer, downstream taiL
Both Ferguson and Werritty (1983) and Davoren and Mosley (1986) noted
differences in both bedload entrainment and transport rates within the same river between in
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channel morphological units. They particularly noted the effects of topographically high
riffles and low pools. Flow tends to converge at pools, creating localised deep scour and
promoting throughput, while dispersive flow patterns encourage riffle formation. A further
factor potentially creating differences in transport patterns within a channel is a velocity
reversal occurring between the pool and riffle at high flow. During low and moderate flows
the shear stress is greatest over riffles, but as discharges rise the bottom velocity of the pool
increases at a faster rate than the adjacent riffle and it may reach a state that during high
flow the pool velocity will exceed that on the riffle. Keller (1971) identified this
phenomenon, termed it a "velocity reversal", and believed it to be responsible for the
sorting of bed material in a pool/riffle sequence with the coarsest material being deposited
on bars and riffles during high flow, and fine material being moved into the pools at lower
flows. The same bed sorting relationship was identified by Ashworth (1987) in the Allt
Dubhaig, Scotland, where he was able to identify a gradation of increasing grain size from
pool head to pool tail and on to the riffle. Velocity and shear stress reversals were also
noted on the East Fork River, Wyoming by Andrews (1979) and Lisle (1979). However
other workers have been sceptical, amongst them Carling (1991) who, after making a study
of the River Severn in England, concluded that although equalisation of flow parameters
between pools and riffles would occur near to bankfull conditions, a velocity reversal
common to all rivers would be questionable. Carling (1991) suggested the importance of
channel width variations in controlling the occurrence of a reversal. To accommodate the
high discharge (volume of water) required for velocity reversal a riffle would need to be
sufficiently wider than a pool.
At an even smaller scale gravel beds often show superimposed micro-
morphological features such as pebble clusters, a bedform initially described by Dal Cin
(1968). The effect of clustering on clast initiation has been considered by Brayshaw
(1985), Brayshaw et al. (1983) and Reid et al. (1990). The structural strength of such
features, which results from imbrication, (Section 2.1.2.3), means that the clustered clasts
tend to resist transport until higher critical shear stress values than those predicted by
entrainment functions for sediment of equivalent calibre.
2.1.4. VERTICAL EXCHANGE OF BEDLOAD.
It can be deduced from typical losses of stones during tracer work (to be quantified
in Section 2.2.2) that bedload transport must involve a considerable amount of vertical
redistribution of bed material, as well as horizontal movement. During a competent flow the
bed is degraded or scoured with the material removed transported downstream. As flood
waters begin to recede a progressive depositional filling of the bed takes place, burying
some particles within the fill layer as successive layers of particles come to rest. Scour and
fill depths for a flow determine the thickness of the "the active layer". The extent of scour
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and fill was measured by Leopold et al. (1966) within the predominantly sandy bed of the
ephemeral Arroyo de los Frijoles in New Mexico using scour chains, (refer to Section
2.2.2). A correlation between the square root peak discharge per unit width and average
scour depth, is referred to as the Frijoles function. The relationship was validated for gravel
bed rivers by Schick (1987a and c) working with magnetic tracers (Sections 2.2.2 and 3.5)
at the Nahal Yael and Nahal Hebron in the Negev Desert. Outside of the ephemeral
environment the validity of the Frijoles function has been questioned, Carling (1987) was
unable to identify a significant relationship between mean scour depth and peak discharge
in Northern England. To add to this degree of uncertainty it has been noted by a number of
authors, including Hassan (1990), that the graph on which the Frijoles function is based
does display rather a large degree of scatter about the proposed relationship.
The nature of burial processes within the active layer of ephemeral gravel streams
has been explored by Schick et al. (1987a and c) and Hassan (1988 and 1990). The study
upon which these works were based made use of an advanced magnetic tracing technique
(Hassan et al. 1984) which is described in sections 2.2.2 and 3.4.
Although it was recognised that ephemeral streams tend to have a less well defined
cover layer than perennial streams, the degree of surface coarsening, as in temperate
environments, is observed to be quasi-constant. Schick et al. (1987a and c) commented that
for this consistency to be maintained, the number of surface particles buried by an event
must be offset by the same number of similar sized stones becoming exposed from buried
positions. A model of vertical exchange was proposed based upon this concept of vertical
exchange equilibrium and data derived from experimental work in the Nahal Hebron and
Nahal Yael in the Israeli Negev Desert. This work will be described in much greater detail
than other material covered within this review. It has a direct relevance to the methods of
study adopted in Chapter 7 of this thesis, which are based upon techniques and approaches
developed in Schick et al. (1987a and c). The model proposes that for a uniform series of
separate equal sized flood events the proportion of surface clasts buried is assumed to be
constant. In the example given (Figure 2.2) this value is set at 50%. Likewise, given the
same set of flows the proportion of pebbles which are exposed from buried positions will
be constant, 20% in the example. The example of the model is based on a theoretical tracer
experiment concerning the vertical redistribution of 1000 stones over a period of 8 flow
events.
Figure 2.2 shows that during the first few events the number of particles becoming
buried exceeds the number being exposed, however after three or four searches the
numbers being exchanged have become broadly similar. The final three events considered
show no change in overall buried or exposed populations after each exchange, the
exchange equilibrium has been fulfilled.
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Figure 2.2. Theoretical vertical distribution of a 1000 stone tracer set over 8 discrete equal
sized events with an associated burial rate of 50% and exposure rate of 20%.
(After Schick et al, 1987 c).
In a natural system Schick et al. (1987a and c) realised that variations about modal
values of exchange, such as those considered, would occur. It was proposed that a series
of moderately low flow, high frequency events would tend to increase exposure while a
high magnitude, low frequency event would have the opposite effect. A series of such
stochastic events would be responsible for setting the overall mean burial and exposure
rates, although this "dominant" pattern was also considered to be simulated by a uniform
series of floods (such as in Figure 2.2) which have a 1 to 2 year return period.
The stable equilibrium surface and sub-surface populations developed in Figure 2.2
(70% of the tracer population buried and 30% exposed) were reported as being typical of
data obtained during tracer experiments at the rivers considered. Figure 2.3 displays the
patterns of recorded vertical exchange over the course of three events in Nahal Hebron. The
tracer population was 282 and the figures reported are percentages of this total.
The first event was a minor flow which caused the burial of a third of the tracer
population. The next event had the magnitude of the 5 year storm and it was responsible for
the burial of over half the surface population but produced only a very small degree of
exposure. The final redistribution monitored was the result of an event with a return period
of 1.5 years. This event came close to fulfilling the exchange equilibrium with 14%
exposure being countered by 16% burial; total buried and exposed populations are therefore
consistent with the previous event.
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Total populations :	 Event 2: Exposed 37%
Buried 63%
Event 3: Exposed 35%
Buried 65%
Exchange populations:	 Event 1: Burial 34%
Event 2: Exposure 29.4%
Burial 50.1%
Event 3: Exposure 22.2%
Burial 43.2%
Figure 2.3. Vertical exchange recorded over 3 flood events in Nahal liebron. (After Schick
et al., 1987a)
Schick et al. (1987a and c) go on to describe the nature of the relationship between
scour depth, vertical exchange and the degree of bed armouring. Under equilibrium
conditions, the number of coarse particles buried by an event must be offset by the
exposure of an identical number. Therefore the depth of active scour must be deep enough
to enable such a number of clasts to be entrained from the sub-surface layer. Exchange will
therefore require deeper scour where the density of coarse material within the sub-surface is
low compared with situations where the density of the sub-surface is more closely akin to
that of the surface layer.
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It was also reported in Schick at al. (1987a) that tracers which underwent burial
travelled significantly longer distances than those which remained on the surface. Hassan
(1988), however, reports that no clear distinction could be made between transport
distances and burial states based on magnetic tracer studies in the Nahal Hebron and
another site, the Nahal Og located in the Judean desert. Hassan (1988) did reveal a general
relationship between bed unit morphology and burial. On riffles tracers were generally
relocated on the surface whereas in pools, and on point bars, tracers tended to be more
commonly buried, with the deepest burial depths recorded associated with bar positions. A
difference in mean burial depths of 13mm was identified between the largest 10% and
smallest 10% of tracer stones, the larger stones being those buried to a deeper level.
For the study of vertical exchange processes reported in Hassan (1988) scour
chains were emplaced within the river bed at both experimental sites, the results from these
were compared with burial depth data obtained from the tracer study. It was found that the
mean burial depth calculated from tracer data was about 80-90% of the mean fill depth and
20-30% greater than the mean scour figures based upon chain studies. Maximum tracer
burial depths were often over twice the amount of maximum scour and fill derived from
chain results. This is an excellent indication of the full variability of scour and fill
processes, and suggests the apparent presence of deep scour pits. Further indication of
high variability in vertical exchange processes was noted from changes in the burial depth
of some stationary tracers. This was assumed to be due to the relative dominance of scour
or fill above the immobile clast during individual events. An areal variation in exchange
processes was demonstrated by the movement of previously buried particles between
events while elsewhere material on the bed surface had remained stationary.
2.2. MONITORING AND RECORDING GRAVEL BEDLOAD TRANSPORT.
The complex nature of the problems associated with developing an understanding
of fluvial gravel transport processes has manifested itself in the number of different field
techniques utilised in their study. A broad division can be made between trapping and
collecting moving bed material during a flood event, and tracing the movement of
individual clasts or groups of stones between floods. Numerous trap designs and tracing
techniques have been employed and consideration is given to some of these over the next
two sections. Also briefly outlined is the use of chains to measure the scour and fill
components of vertical exchange processes (Section 2.1.4).
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2.2.1. TRAPPING.
Bedload sampling in gravel rivers has been attempted with apparatus of various
designs, all of which can be broadly divided into portable samplers or fixed position
traps.
The simplest of the portable bedload samplers are basket traps. These consist
merely of a mesh basket or bag lowered to the bed and orientated into the flow by a tail fin,
which then collects moving bed material via an entrance aperture. The Don and Dutch
Amhem samplers are all of this basic design and are reviewed at greater length by Gregory
and Walling (1973, Chapter 3). Such samplers can be used to determine the size of material
in motion and the rate of transport, given that each sample is collected in a limited amount
of time. A major problem associated with this kind of sampler is the decrease in flow
velocity due to entrance effects. Pressure difference samplers, including the VUV and
frequently used Helley-Smith design, have overcome this problem by inducing a drop in
pressure at the entrance by flaring the sides of the inlet. Helley-Smith devices have been
calibrated as 100% efficient in measuring the transport of bed material within a size range
of 0.5mm to 16mm on the East Fork River, according to Klingeman and Emmett (1982).
Despite this modification, there are still problems encountered when sampling using such
devices. For instance the size of material that can be collected is restricted by the size of the
orifice. A range of Helley-Smith samplers have been constructed with different aperture
sizes, but sampling efficiency may be affected as inlet size is increased from the 76mm
standard. Unless the samplers are mounted on specially constructed cable-way systems,
most basket samplers are hand-held. If this is the case taking a sample at high flow may
prove physically difficult. The increase in turbidity associated with higher flows tends to
mask the bed, making correct positioning of the sampler increasingly difficult. The largest
limitations in working with portable samplers is that unless team based multiple sampling is
employed they give no indication of spatial variations in bedload transport across the width
of a river, or of temporal variations in transport variables. To measure these changes large
static trapping and sampling devices have been constructed.
By far the simplest design of fixed, full-stream width, bedload traps is the pit or
slot type. These take the form of a trench across the bed into which material in motion will
fall. Such structures are described by Newson (1980) and Carling (1983). These are simple
and easy to use, calculation of the amount and nature of bedload is based upon periodic
emptying. On a small stream the pit may contain an emptying box (Gregory and Walling
1971) or be emptied by hand (Ferguson et al. 1991), whilst on larger streams pumping
may be required to empty the pit. When considering the amount of sediment trapped,
allowances have to be made for flaws in trap efficiency including the effect of the trap on
natural flow patterns, by-passing by long saltation trajectories, and loss due to filling
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during major events. This type of trap cannot provide details of variations in the amount of
bedload transport during the course of a flow event
More complex bedload sampling structures have been built which are very efficient
and allow a greater flexibility in sampling. However, as a consequence of their size and
complexity these traps are expensive and, for some studies, it is often impractical to install
a permanent installation due to physical limitations set by river dimensions. Klingeman and
Emmett (1982) describe two permanent full-width direct measuring systems constructed in
the United States. One of these, the East Fork trap in Wyoming, featured a slot with a
variable aperture through which the sediment travelling on or near the bed falls into a
trough across the river bed. Eight gates opened individual sections of the slot allowing
spatial assessment of bedload rates across the width of the river. A conveyer belt ran at the
base of the trough removing the sediment collected to be weighed and periodically sampled
before being returned to the river downstream of the structure. The second structure
described by Klingeman and Emmett (1982) was constructed at Oak Creek in Oregon. This
was similar in design to other monitoring structures built at Virginio Creek, Italy (Tacconi
and Billi 1987), and Torlesse Stream, New Zealand (Haywood and Sutherland 1974).
These efficient traps make use of a vortex tube (Robinson 1962) to move bedload and
water through a flume across the channel which forms part of a weir structure. Water and
fine sediments are returned to the river while the bed material is collected for sampling or
moved via a conveyer belt system to be weighed and sampled.
Another full width continuous bedload trapping device, with the advantage of being
potentially more portable, is described by Reid et al. (1980). The "Birkbeck sampler"
installed at Turkey Brook takes the form of a box slot trap, resting on pressure transducers
set within a pit in the bed. These are calibrated to measure the increasing weight of
sediment inside the trap. The only potential problem is one of trap-filling during major
events. This disadvantage was highlighted when the system was exported to the Israeli
desert and each flow event had filled the trap before the flood had subsided (Reid and
Laronne Pers. Comm.).
A further device which has the advantage of being potentially less permanent than
the large scale traps and samplers considered is described by Ergenzinger and Conrady
(1982), Ergenzinger and Custer (1983), and Custer et al. (1987). Experiments at Squaw
Creek, Montana, are based around a sensor device set in the bed across the width of the
river which responds to movement of naturally magnetic local bed material. The work is
based around Faraday's induction principle. When a magnetic cobble passes over a fixed
copper wire coil an electric signal is generated. Clasts are detected as they pass over a
stationary recording device, producing a continuous record of the passage of particles along
the test reach. This allows calculation of the bedload transport rate without the device
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actually trapping the mobile sediment. Unfortunately some problems were identified, these
included the low sensitivity of the recording equipment, which could detect only the
passage of pebbles larger than 30mm with a magnetic content of greater than 40gama. This
meant that only 44% of the magnetic stones of Squaw Creek could be recognised by the
detection equipment. However, if the stream had contained a higher percentage of
detectable material the system would have been unworkable to the required degree of
accuracy until modifications made in the spring of 1991 (Ergenzinger pers. comm.).
Previously only two signals each second could be resolved, therefore the equipment could
not differentiate between pebbles passing at the same time. The use of natural magnetic
tracers may be widely applicable since many of the world's high gradient coarse bed load
streams drain andesitic or basaltic terrain potentially rich in magnetic minerals. A similar
device installed on Turkey Brook is described by Reid et al. (1984). Here natural bed
material did not contain magnetic minerals, therefore artificial clasts had to be manufactured
and seeded into the river upstream of the detection unit.
The continuous monitoring tapping systems have yielded extremely useful data
concerning bulk sediment yields in relation to discharge, in terms of both volume and
compositional variations through time. These bedload parameters were discussed in Section
2.1, very much in the light of data derived from some of the devices highlighted in this
sub-section.
2.2.2. TRACING.
Comparing positions of clasts before and after a flood can shed valuable light on the
mechanisms of motion for individual particles given different sets of flow data and grain
characteristics.
The simplest form of tracing is probably the injection of an exotic bed-material into
a river. Mosley (1978) introduced limestone aggregate into the Tamaku River in New
Zealand, similarly Kondolf and Matthews (1986) traced the movement of white dolomite
fragments introduced into the Carmel River, California, as rip-rap to combat bridge
erosion. Because the rip-rap was introduced into the flow at a point source, variations in
the downstream distribution of tracers provided some useful information. For instance,
bars showed especially high concentrations of tracers, which concurs with the findings
reported within Section 2.1.3, suggesting the importance of bars as sites of sediment
tapping and storage. A generally well-developed downstream fining of rip-rap was also
apparent. As tracer material had not been introduced into the flow instantaneously the
transport distance values were artificially lowered by clasts first mobilised relatively late
into the study. The major problem faced when dealing with the introduction of exotic rock
types is whether the characteristics of the new material; density, shape, angularity and size
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distribution, are comparable with the native bed material. Kondolf and Matthews (1986)
found the dolomitic rip-rap to be more angular than local granitic clasts, and this may have
affected the relative transport characteristics of the materials, as indicated in section 2.1.2.2
angular material tends to be harder to entrain due to its ability to interlock. The work of
Kondolf and Mathews (1986) is unusual in that it dealt with the movement of the tracing
material en masse. Most tracer studies are concerned with the tracking of individually
labelled clasts as they move downstream.
Typically tracers are collected from the study reach of a river and then processed to
distinguish them from the remainder of the bed material. Each would be marked with an
identification code, specific to the individual stone, before reseeding back into the river.
Commonly seeding is either in lines, or by random replacement of surface stones with
tracers sharing similar grain characteristics.
The easiest method of making a tracer is by painting a clast so that it stands out
against the rest of the bed material. Such an approach forms the basis of work described by
Leopold et al. (1966) in the Arroyo de Los Frijoles, New Mexico, and also by Laronne and
Carson (1976) in Seales Brook. More recently such methods formed part of a study of
upland rivers made by Ashworth (1987), this was based on the Feshie and Alit Dubhaig in
the Scottish Highlands and the Lyngsdalselva in Norway. For all of these studies the
recovery rates of painted stones were extremely variable, as indicated in Table 2.1. This
table also lists details of the recovery rates obtained by other workers, as reported in
Hassan et al. (1984) and Hassan and Church (1990).
Leopold et al. (1966) identified a correlation between the strength of flow events
and the recovery rates of tracers. Up to 90% recovery was typical for small flows, but this
decreased down to 2% after exceptionally large flows. It was also noted that there was a
greater loss of smaller sized clasts. This clast size relationship was further established by
Laronne and Carson (1976), who found that from their total 5% recovery (Table 2.1) the
differences between their four size categories fell from 100% recovery for the largest down
to 0.5% for the smallest. The painting technique was also used by Keller (1970), in an
investigation of the relative importance of bottom velocity and particle parameters on
transport, and the nature of transport through a pool and riffle sequence. Keller traced 134
pebbles through two flood events, recovering 41 after the first, and 65 after the second.
These losses are almost certainly a result of burial. The fact that more tracers were found
after the second event serves as a reminder of the importance of temporary burial and
exhumation in the transport processes.
The use of radioactive tracers has been applied mostly to work on sand transport.
This method of study involves labelling material, be it natural bed material or a synthetic
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analogue, such as glass beads, with a radioactive isotope. This enabled later location with a
scintillation detector. Work of this type has been carried out by Sayre and Hubble (1965),
and Crickmore (1967). Sayre and Hubble (1965) highlight that experimental design must
ensure that accuracy is maintained while limiting radioactivity to a safe level. The amount of
radioactivity required depends on such factors as the level of background radiation, the
efficiency of the detection equipment, and the orientation of the detector to the labelled
particle. In all studies isotopes with fast decay rates have to be used, Cricicmore (1967)
reports the use of 198Au and 46Sc, with half lives of 2.7 and 84 days respectively. Even
using such safe methods, gaining permission to work on private land could be a problem,
as Ergenzinger and Conrady (1982) discovered. A study which was permitted is that of
Stelzer (1981), reported in Hassan and Church (1990), Table 2.1 reports full recovery of
these tracers. Crickmore (1967) also deals with the fluorescent tracing of beach sand, such
an approach has not been attempted with river gravels but the method would be subject to
the same problems as simple painting techniques.
Micro-electronics have now advanced sufficiently to allow reliable radio transmitter
tagging of pebbles. The first work in this area was initiated by Ergenzinger (1989) and co-
workers in Germany, and another system has since also been developed by Emmett et al.
(1990) and employed in a study of processes within the River Toklat, Alaska. Ergenzinger
(1989) reports on the construction of synthetic tracers consisting of an emitter I.C., an
aerial and a battery, all encased in a plastic waterproof padding. Emmett et al. (1990)
prepared tracers by inserting a transmitter device into suitably sized bed material. Within
each tracer set the stones all transmit on slightly different emitting frequencies (based
around 150M1-Iz) so that each can be separated from the others. This method of study
appears very promising, movement patterns can be monitored as they occur so exact
trajectories and step lengths can be measured, and the nature of movement, be it continuous
or in discrete steps, can be determined. Radio tracers can also be located under the bed
surface, at present detection to 80cm has been reported (Emmett et al., 1990), but it is
believed that the depth range is actually higher. The ability to relocate buried material makes
the technique potentially useful in the study of vertical exchange. There are however some
problems. Battery life is very short (1-10 months at present), and the price quoted is £1700
per stone (1989 price, Ergenzinger pers. comm.). Thus far this method has therefore been
tested on an experimental basis only. Ergenzinger's work is restricted to about five tracers,
while Emmett et al. (1990) base their work upon the movement of 19 stones. Clearly
neither offer statistically representative samples of bed load movement. With technology
ever progressing Ergenzinger (pers. comm.) made the suggestion in 1988 that one of the
future stages in tracer development would be the insertion of small pressure sensors into
tracer stones to measure drag and lift forces actually acting upon the stone during transport.
He has now achieved this level of sophistication.
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SITES	 RECOVERY RATES
Painting Talcayama 1965* Hayakawa, Fukoawa,
Olcawa
10% - 39.6%
Leopold et al. 1966 Arroyo de los Frijoles 0% - 88%
Keller 1970 Dry Creek 41% - 65%
Laronne 1973 ** Seales Brook 3%
Schick and Sharon 1974 Nahal Yael 2.5% - 57%
Ashworth 1987 Allt Dubhaig 30% - 96%
Ferric coating Nir 1964 Nahal Zin 4.4%
Metal collars Butler 1977 Horse Creek 35%
Enhanced magnetism. Arkell et al. 1983 Plynlimon 63%
Magnet Hassan 1988 Nahal Hebron 90% - 93%
Nahal Og 55% - 56%
Hassan and Church 1990 	 Carnation Creek 80%
Harris Creek 75%
Radioactivity Stelczer 1981 Danube 100%
Radio Transmitter Ergenzinger 1990. Lainbach 100%
Emmett et al.1991 Toldat 100%
* Reported in Hassan et al.(1984)
**Reported in Hassan and Church (1990)
Table 2.1. Recovery rates for a collection of chosen tracer studies which utilise different
techniques. Based partly on work from Hassan et al. (1984) and Hassan and
Church (1990).
Radio tagging would appear to be one of the future directions for tracing
techniques, but certainly the most impressive and economical methods in use at the present
involve relocation of metal tagged or magnetic clasts. Their advantage over painted tracers
is that the clasts buried below the surface should be within the search range of a metal or
magnetic field detector, thereby yielding data on scour layer processes. Traditionally, the
depth of scour and subsequent fill has been measured in sand bed ephemeral streams,
making use of chains which are emplaced vertically into holes dug in the dry sediment, a
technique described in full by Leopold et al. (1966). In gravel streams this approach is
made less satisfactory by difficulties involved with re-packing the bed around the chains in
a manner that would not upset the natural conditions. However such studies have been
made on gravel bed rivers in New Zealand by Laronne (1987), on the Great Eggleshope
Beck, Northern England, by Carling (1987) and by using a sledge hammer installation
technique to avoid bed excavation in the Allt Dubhaig, Scotland, (Ferguson et al. 1991).
Used in conjunction with magnetic tracing techniques, to be considered below, the use of
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scour chains allows the calculation of bedload volume (Laronne 1987). Depth of scour after
chain excavation is indicated by the length of chain lying horizontally after falling from its
initial vertical orientation as material was removed from around it. The thickness of
sediment deposited over the horizontal length of the chain is then a direct measure of fill. It
should be noted that chain results do not record the full variance in scour owing to the
existence of localised local deep scour hollows, which would not necessarily coincide with
chain positions (Hassan 1988).
In an attempt to limit tracer loss due to burial, a number of techniques for making
the clasts locatable with a metal detector have been made. One of the first attempts at this
type of study was Made by Nir (1964) (French text, but experimental details and tracer
recover rates included in Hassan et al., 1984), who painted synthetic concrete cobbles with
an iron oxide coating. Unfortunately, as Table 2.1 shows, the resulting recovery rates were
low with many buried tracers still lost, primarily due to the low sensitivity of the detection
equipment. Butler (1977), tagged particles for relocation with a metal detector by wrapping
strips of aluminium around them. Despite being secured by wire and resin several of the
aluminium collars were found broken away from their pebbles. As stream power increased
it became more likely that collars would be removed. As all identification was stamped on
the aluminium there was no other way to recognise the tracer stones once the collar was
lost, hence the large degree of loss reported in Table 2.1. The presence of iron minerals in
the country rock also seriously interfered with the signals received by the metal detector
during Butler's (1977) tracer searches.
A refinement of the use of metal detectors to relocate tagged stones is magnetic
tracing, when magnetised tracers are relocated using a magnetically sensitive device.
Various methods of magnetic tracing have been developed. The simplest of these
techniques makes use of naturally magnetic bed material, this has the advantage of
involving no arduous or costly preparation. However, if tracers are used at the site of
collection, interference from other stones would be a major problem.
Oldfield et al. (1981) and Arkell et al. (1983) reported on a method of tracer
production which enhanced the natural magnetism of Silurian shale bed material, from a
Welsh stream, up to 300 times using a blast furnace heat treatment. The process also had
the side effect of producing a pink pigmentation on the surface of the cobble, further aiding
relocation. The draw backs were the cost of the baking process, the requirement of a blast
furnace, and the prerequisite of high iron content in the bed material. Given the nature of
the rest of the bed material the degree of background noise from the country rock was still
recognised as a problem.
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If no naturally magnetic material is present where studies are to be made it is
necessary to use artificially magnetised tracer stones. Reid et al. (1984), working with an
electromagnetic bed load recording device installed at Turkey Brook (Sub-section 2.2.1),
manufactured completely synthetic magnetic clasts made from resin and crushed barytes
with a ferrite rod core. These would also make ideal classical tracers, (for relocation after
flood redistribution), if it were not for the expense and the uniformity of shape and size
shared by tracers produced in bulk from moulds.
Recent work in Israel described by Hassan (1983), Schick and Hassan (1983) and
Hassan et al. (1984) involves placing small powerful magnets inside holes drilled in
painted pebbles. This type of procedure was originally reported by Ergenzinger and
Conrady (1982), where such an approach was used in conjunction with the stationary
detection system described in the previous section. The Israeli work is different in that it
makes use of a portable magnetic detector which has allowed relocation to a depth of 0.6m
into the scour layer. With this "three dimensional" search technique the high recovery rates
reported by Hassan (1988), working in Nahal Hebron, were achieved, (Table 2.1). Tracers
were relocated widely distributed over the 200m reach both horizontally and vertically, and
after two events 53% of the stones were completely buried by an average surface cover of
20.2cm. The loss of some of the tracer population was accounted for by signal interference
from the wreckage of an old bridge, souvenir hunters, and transport beyond the
downstream extent of the search. This method of tracing was chosen to form the basis of
the data collection for the research described in this thesis. It was, however, not clear at the
onset whether the excellent recovery results obtained for dry ephemeral steam beds could
be equalled in a temperate environment where rivers constantly flow.
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Chapter 3.
siuDy AREASAND EXPERIMENTAL DESIGN.
3.1. CHOICE OF HELD SITES.
During the early planning stages of the research programme it was envisaged that
the study of bed load transport in gravel-bed rivers would be based around two or three
streams in the Scottish Highlands. During the autumn of 1987 and the spring of 1988 about
twenty rivers were visited and several major criteria were used to assess the suitability of
each as experimental sites. As obvious prerequisites, the rivers had to have reaches of
gravel-sized material and be shallow enough to make work in them feasible. Also, the flow
regime of the rivers had to be such as to produce flows competent to move the bed material
a significant number of times, at least four on average, each year. A range of channel types
and morphologies had to be considered to make findings generally applicable and less site-
specific.
For this experimental work, time and financial resources allowed constant
monitoring of flow at only one river, therefore it was important to find at least one other
suitable river already gauged. It was thought that gravel bed reaches immediately
downstream of Hydro-Electric dams would be ideal sites due to the release of regular
freshets (a Scottish term for high flows) and occasional overspills. Such events would
result in high magnitude floods of known discharge. However, on visiting sites of this
description it was found that they did not meet the most fundamental of the basic suitability
criteria because gravel bed material had been flushed out of the reaches by flows since dam
construction, without replacement of similar material from upstream.
Sites had to be isolated enough to avoid human disturbance to the experiment, yet
ease of access to the river was also a very important factor, especially in the first phase of
the work, which involved collection and transport of heavy and bulky bed material.
Finally, after extensive field investigations, two sites were selected for field study;
the Allt Dubhaig, which is one of the most northerly sources of the River Tay, and the
Monachyle Bum which flows into Loch Voil in the Braes of Balquhidder.
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3.2. ASSESSMENT OF FIELD SITE VARIABLES.
3.2.1. BED MORPHOLOGY.
In the interests of simplicity the river bed was divided into just four basic
morphological units:
i. BAR. Topographically high sections of dry gravel, exposed out of the water under
typical non-flood conditions. Different heights are recognised which determine the amount
of time during which a bar is submerged during a flood.
RIFFLE. Slightly lower areas of bed surface, that are submerged under all but the most
inactive periods of flow. Under normal flow conditions the shallow water surface will be
broken by some of the prominent stones. The whole area has an uneven water surface and
relatively steep gradient.
POOL. Topographically low points of the river bed, characterised therefore by deep
water.
iv. UNDIFFERENTIATED CHANNEL. Implementation of the morphological
classification was strict and much of the bed was classified outside the three definite
morphological units listed above. This blanket class covered all transitional bed area types.
3.2.2. BED MATERIAL SIZE.
Determination of the grain size distribution of both surface and sub-surface bed
material was undertaken using a painted square technique at regular points along the
experimental reach (Plate 1). A meter square of the bed was spray painted and all clasts
with a paint covering were removed, classified as a surface stones, and then divided into
half phi classes by a combination of field sieving and template sorting. Each half phi class
was then weighed on site using a spring balance. Having removed the surface layer a 50kg
bulk sample of the underlying substrate was sorted into half phi classes to be weighed. As
this procedure involved spray painting the technique could only be used on dry portions of
the bed. Assessment of surface and sub-surface grain size therefore took place during the
summer months of baseflow discharge while more bed was exposed. Within a reach the
different morphological units of a river bed each tend to possess a different grain size
composition. It was not the object of the exercise to analyse differences in bed composition
to this scale, all that was desired was an overall comparison between the reaches, therefore
where possible, morphologically equivalent sites moving off bars into undifferentiated
channel sections were chosen for this analysis. To further counter any distortion due to
within-reach morphological variation, results from four of the meter square sites are
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combined into each chart presented. Full details of the survey results will be given in
Sections 3.3.1 and 3.3.2.
3.2.3. BED MATERIAL FORM.
In the descriptions of each river there are also references to two grain form
parameters; shape and angularity. The statistics given are based on the analysis of 600
clasts collected from the Dubhaig and 200 taken from the Monachyle.
Clast shape is a difficult parameter to successfully quantify. The basis for this
appraisal was a Zingg (1935) classification based around four categories and determined on
the basis of axial ratios in the manner shown in Figure 3.1. The a-axis is the longest
dimension of a clast, the b-axis the intermediate, and the c-axis the shortest.
0	 0.67
c/b Axis Ratio
Figure 3.1. Derivation of Zingg (1935) shape categories. (After Allen, 1985).
The four shape categories are:
i. EQUANT. Roughly equidimensional.
ii. PROLATE. Possess a dominant a-axis (long), and roughly equal b and c axes
(intermediate and short), to give the clast an elongated appearance.
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iii. TABULAR. With a and b axes of the same order, a distinctly shorter c axis give
particles of this category a flattened appearance.
iv. BLADED. Possess the widest variations between the three axial lengths.
Angularity data is based on the purely qualitative Powers (1953) scale developed
for sand grains. This is a comparative visual assessment between clasts with rounded edges
and those with abrupt angular faces. Classification was based upon the chart given as
Figure 3.2.
ANGULAR
VERY-	 SUB-0000
ROUNDED
Figure 3.2. Grain angularity comparison tables. (After Powers, 1953).
The work of assigning the clasts to angularity categories was all undertaken at one
time by the author to minimise the possibility of significant operator variation being
introduced. As a further test of accuracy, a random reassessment of about 100 stones was
made by another person. There was a 98% correlation between the categories assigned
during the first and second appraisals.
Although both of the form parameters used are not completely ideal, they were
employed after careful consideration and appraisal of other methods of classification. They
are quick and easy to use and each had formed the basis of many previous studies,
including that of Hassan (1983 and 1988), the direct predecessor of this study, which
employed the Zingg classification of shape. It can be argued that other classification
systems are more detailed, either dividing the samples into a larger number of sub-groups,
for example the 10 form classes of Sneed and Folk (1958), or assigning each clast a
specific form statistic, for example the work of Ballantyne (1982). Nevertheless these
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schemes were deemed to be unsatisfactory for the purposes of this project although ideal
for use in work determining a clast's provenance or erosional history. Lastly, given that
there were subdivisions of 200 stone tracer sets based on clast form to be made, there was
a very real limit on the number of categories into which material could be divided whilst
retaining statistically realistic populations within each category.
3.3. FIELD SITE DESCRIPTIONS.
3.3.1. THE ALLT DUBHAIG.
The primary site for field work was the Alit Dubhaig, a head water tributary of the
River Tay, with a catchment area of 13.4km2, which flows through the southern part of
Drumochter Pass, Perthshire, Scotland. The location map (Figure 3.3) shows the 3km
alluvial stretch of the Dubhaig. This length of the river is discussed at length by Ferguson
and Ashworth (1991). Here a brief description of the river will be made paying particular
attention to the experimental study reaches used in this project.
The alluvial channel begins where the major source tributary, the Alit Caire
Dhomhain, leaves the hills that it drains to the west, turns a sharp 90° and begins to flow
southwards towards Loch Garry. The Dubhaig has cut its channel into a wide flat
floodplain of reworked hummocky drift, described by Sissons (1974). Most of the river
bed material is derived from the underlying Pre-Cambrian schists of a typical Moinian
assemblage. The floodplain gradient, inherited from early Holocene times, decreases from
0.02 at the head to 0.0001 at the entrance to the loch. It is the development of two almost
coalescing alluvial fans on opposite sides of the valley that has resulted in the creation of a
temporary base level responsible for this very rapid and unusual decrease in channel
gradient. Together with the lack of any significant gain in discharge from tributaries, the
long profile is responsible for marked downstream changes in channel morphology and
improved bed material sorting. The range of clast sizes that the stream is competent to
transport steadily declines downstream because of a rapid decrease in shear stresses acting
on the bed, from 91Nm- 2
 to 18Nm-2 over 3km (Ferguson and Ashworth, 1991).
The valley sides and floor are treeless, the dominant vegetation types present are
grasses, with heather and thistles in the northern half of the valley, and reeds becoming
common downstream as the floodplain becomes increasingly swampy.
The Alit Dubhaig possessed all the criteria considered important in determining the
suitability of specific rivers for experimental work. For the majority of its length the bed
material was of a gravel grade and, apart from some of the deeper pools, the river was
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shallow enough to be accessible for work by wading. As a result of field work at this site
by Ashworth (1987) it was known that the bed material was regularly in active transport.
Downstream changes in river morphology produce a range of distinct channel types,
starting with mountain torrent, then moving through braided and meandering reaches, to
end less than 3km downstream as a stable undivided channel with levees and flood basins.
This sequential range of patterns makes the Dubhaig an excellent river for the study of the
role channel morphology takes in transport processes, because other factors, such as
discharge, remain constant along the short distance involved.
While making process measurements on the Dubhaig, Ashworth (1987) installed a
pressure transducer water level recorder for the duration of his fieldwork (March 1985 till
January 1986). By erecting a water level recorder near the site of the previous recorder the
author hoped to extend his own discharge records using Ashworth's data (pers. comm.) to
derive an accurate overall rating, well-defined in terms of flood flows. On the 16 th of June
1988 an OTT type XX water level recorder (Plate 2) was installed at the position shown on
Figure 3.3. This upstream site was chosen primarily as it was close to that used by
Ashworth, but also because it was situated within a straight section of river with high stable
grass banks on both sides of the single channel. The recorder maintained a continuous
record of stage until the end of December 1989. At the stable cross section shown on the
map, some 50m downstream of the gauge, discharge measurements using the velocity area
method were undertaken at discharges ranging from 0.1m 3 s- 1 to 3.1 m3 s- 1 using a
Braystoke propeller current meter (Plate 3). This data has been combined with Ashworth's,
which extends up to a discharge value of 4.5m 3 s- 1, to produce a rating equation used to
determine discharge from stage measurements made at the site of the level recorder (Figure
3.4). Only high discharge data from Ashworth was used for this rating relationship because
at such stages the two data sets displayed a close relationship, implying that the rating
relationship has been relatively stable since river gauging commenced at the site. When
discharges less than 1 cumec were considered, the trend of the plots began to diverge, a
result of either small degrees of cross sectional channel change within the gauging reach or
the slightly different gauge positions.
The rating relationship between stage and discharge is given by the equation in
Figure 3.4. This is of the standard format used by river Purification Boards and was
determined with the use of Hydata, a hydrological data base and analysis package
developed at the Institute of Hydrology. The method of double log plotting used to
straighten the line on the graph is the standard adopted by hydrometrists for open channel
sections. The plot can be extended to high and low stage levels not covered during
metering. Unfortunately when the rating is extended to convert higher stage values into
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Figure 3.4 Stage/discharge rating curve for the Allt Dubhaig.
discharges a major problem arises. Because the valley floor is wide and flat, as soon as the
banks of the river are overtopped a large area is available for immediate flooding. This
means that a sizeable increase in the volume of flood waters will be accommodated over a
large horizontal area, greatly increasing the discharge without producing significant rises in
the stage recorded.
Access to the site was simple. The map (Figure 3.3) shows a section of the old A9
which is now used as a farm road and from this tunnels and drains under the railway lines
allow easy access onto the floodplain. Although very close to the main road link north to
Inverness, the site is an area of sheep rearing and the river was unlikely to be disturbed by
human activity.
Roughly in the middle of the alluvial stretch of the river is the experimental study
reach, which was in turn divided into three sub-reaches (1, 2 and 3 on Figure 3.3). This
length of river was mapped using plane table methods in the spring/summer of 1988, with
amendments for channel change made late summer 1989. The 1989 survey forms the basis
for all the Dubhaig reach maps included in this piece of work.
As well as details of morphological and sedimentological characteristics,
information from Ferguson and Ashworth (1991) is also given for each sub-reach. This
concerns several hydraulic variables which were measured by Ashworth (1987) during the
course of his NERC studentship (1984-1986). The data refers to three approximately 100m
lengths of the river, one of which is contained within each of the sub-reaches identified for
this project. The variables are:
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i. Bed surface slope.
Shear stress acting on the bed (Nm-2); median values for 15 velocity profiles within sub-
reach 1, 20 within sub-reach 2 and 13 within sub-reach 3. Profiles were measured at
discharges ranging between 2.5 and 5.5 m3 s- 1
 within the thalweg channel, and over a
range of morphological units to eliminate topographical variance.
Vertical averaged velocity (ms- 1); median values from the same sets of velocity profiles
used to determine the shear stress statistics.
iv. Depth (m); median values from the velocity profile series.
3.3.1.1. Sub-reach 1 (Figure 3.5 and Plate 5).
This was the most actively changing of the three sub-reaches considered. The map
(Figure 3.5) shows the braided channel at the time of surveying but visible changes were
taking place throughout the year. At low flow the thalweg is narrow but the width of the
whole channel ranges from llm for undivided sections up to 34m for braided portions. To
the west of the active channel, at the upstream end of the reach, there is a high coarse lateral
bar with a vegetated top, and dry distributary passing behind. The section of the river just
downstream of this bar unit was the most active with the medial bars being particularly
unstable, the active channel thalweg switched regularly to produce new bar and riffle
patterns. Approaching sub-reach 2 a larger scale channel switch steadily developed during
the course of study. In the summer of 1988, when the reach was first surveyed, the left
hand channel behind the bar and grass banks was predominantly dry with gravels,
deposited after large floods, just beginning to form a thin patchy cover over the grass. By
the time of the second survey, a year later, an entire gravel bed had developed and the new
channel ran consistently, taking up to half of the flow at the site depending upon stage.
The following table (Table 3.1) allows comparison between the proportions of the
three main bed morphologies and the undifferentiated channel within sub-reach 1 and can
be compared with similar tables (Tables 3.4, 3.6, and 3.8) to be given for the remaining
Dubhaig sub-reaches and for the Monachyle Burn. The percentage figures for all sub-
reaches are based upon areas determined from the reach maps using a programme for
calculating the area of irregular shapes with a Tektronix digitising system. Bar areas are
based on moderate summer stage levels.
BAR 64.0%
RIFFLE 14.5%
POOL 9.5%
UNDIFFERENTIATED 12.0%
Table 3.1. Allt Dubhaig sub-reach 1 bed morphology classification.
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The bar category clearly accounts for the majority of the bed surface. Strictly
speaking this is a true representation of the reach in terms of the large amount of exposed
gravels. However, over 66% of the material categorised as bar is made up of the dry
distributary channel described previously, this is cut off from the active channel by a high
berm which was only ever overtopped during exceedingly high flows. Even then the
distributary never formed an alternative route for the river all the way around the stable
vegetated bar. Since the experimental work was finished this part of the system has been
reactivated under high flows (Werritty and Wathan pers. comm.). If this large area of non-
active gravel is removed from the bar total and the percentages recalculated, the new set of
statistics show that bar remains the most common morphology, now accounting for 37% of
the bed area, with the full set of revised percentages as follows;
BAR 37.0%
RIFFLE 27.0%
POOL 15.0%
UNDIFFERENTIATED 21.0%
Table 3.2. Allt Dubhaig sub-reach 1 revised bed morphology classification.
The composite graph comparing surface and sub-surface grain size distributions
(Figure 3.6) is based upon data collected using the painted square technique (Section 3.2.2)
and plotted on semi-logarithmic axes. The line representing the surface grain size
distribution is the longer of the two traces because there were stones in the sample
belonging to phi classes -7 and -7.5, which were not represented in the sub-surface
material sample analysed. The sub-surface trace does not approach any nearer the x-axis
due to the large volume, and hence mass, of material in phi class -3, which could not be
sieved into smaller classes under field conditions. The chart does show the paved nature of
the bed in terms of the separation between the lines. Comparison of the D50 figures acts as
a quantitative indication of the degree of cover layer coarsening; the value for the surface
being two and a half times greater than that for the substrate.
Figure 3.7 is a bar chart showing the breakdown of the representative 200 stone
tracer population for this sub-reach in terms of the four Zingg shape categories. The graph
shows that the tabular category is clearly dominant, accounting for 13.5% more of the
sample than the second ranking equant population. The abundance of prolates is within 3%
of the equant total but then there is a marked 11.5% decrease in relative category population
for the smallest group within the sample, which were the bladed stones.
43
3. STUDY AREAS AND EXPERIMENTAL DESIGN.
Plate 5. Alit Dubhaig sub-reach 1. (Direction of flow left to right).
Plate 6. Alit Dubhaig sub-reach 2. (Direction of flow left to right).
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Figure 3.6. Allt Dubhaig sub-reach 1 surface and sub-surface grain size distributions.
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Figure 3.7. Alit Dubhaig sub-reach 1 surface material shape analysis.
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Figure 3.8. Allt Dubhaig sub-reach 1 surface material angularity analysis.
When broken down in terms of clast angularity the sub-reach 1 tracer set (Figure
3.8) shows all but the very angular category to be represented. This does not mean that
there were no stones belonging to this category in the entire reach, the statistics being based
only on samples of two hundred stones, but the occurrence of bed material belonging to the
category would be very low. The two sub- categories display the largest populations,
particularly the sub-rounded division. The distribution of stone angularity is clearly non-
uniform with the rounded end of the scale displaying a higher occurrence, to the extent of
even including a small number of very rounded clasts in the sample.
The slope and hydraulic variables reproduced from Ferguson and Ashworth (1991)
for sites within sub-reach 1 are given in Table 3.3.
SLOPE 0.015
SHEAR STRESS 50.0 Nm-2
STREAM VELOCITY 1.28mr1
DEPTH 0.54m
Table 3.3. Allt Dubhaig sub-reach 1 slope and flow characteristics. (Source: Ferguson and
Ashworth 1991).
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3.3.1.2. Sub-reach 2 (Figure 3.9 and Plate 6).
The channel morphology of sub-reach 2 is a transitional form between the divided
pattern of sub-reach 1 and the lower gradient pattern of sub-reach 3, with the two major
bends within this section of the river becoming meander-like in form with some point bar
development complete with proto-chutes. It is within this sub-reach that bank erosion and
subsequent collapse becomes commonplace, as the map (Figure. 3.9) indicates. The most
rapid erosion occurred on the right bank between pin sections 11 and 12 where the river
cuts back into its own alluvial deposits. Here bank retreat of 5m occurred between surveys
although deposition onto the bar opposite has produced a shift in channel position rather
than a widening. Table 3.4 shows that bar is again the dominant morphological unit, with
the percentages of the other morphologies ranked in the same order as in sub-reach 1.
Proportions of bar and undifferentiated channel are greater than within sub-reach 1 (revised
figures) at the expense of riffle and pool areas.
BAR 48.5%
RIFFLE 21.6%
POOL 11.6%
UNDIFFERENTIATED 18.4%
Table 3.4. Allt Dubhaig sub-reach 2 bed morphology classification.
The two grain size distribution curves for this sub-reach (Figure 3.10) are closer
together than their sub-reach 1 equivalents (Figure 3.6), indicating that a coarser surface
layer is still present but less marked. This change is due partly to a decrease in surface grain
size and partly to an increase in sub-surface grain sizes. The two lines converge and meet at
the top right of the plot because the largest stones in both samples belonged to the same phi
category, (-6.5), which was two half phi classes smaller than the maximum sized stones in
the surface sample for sub-reach 1, but exactly the same class as the largest material of the
sub-surface sample from the upstream sub-reach.
Figure 3.11 is the clast shape chart for sub-reach 2 tracer stones. It shows the
equant and tabular clasts are of almost equal frequency, and as with the upstream reach
prolate and bladed clasts are ranked third and forth in abundance. The total percentages in
all but the equant category are lower than sub-reach 1 values.
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Figure 3.10. Alit Dubhaig sub-reach 2 surface and sub-surface grain size distributions.
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Figure 3.11. Alit Dubhaig sub-reach 2 surface material shape analysis.
In terms of grain angularity, the 200 stone tracer sample shows an apparent shift
towards more angular material when compared with the data for sub-reach 1. Figure 3.12
shows a small proportion of very angular stones entering the count and a doubling of the
proportion of stones in the angular category, coupled with a decrease in the amount of
rounded material and the loss of any stones within the very rounded division. For the
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majority of the sample, however, the results are broadly similar to those obtained from sub-
reach 1, with sub-rounded and sub-angular stones producing the two largest categories,
although following the trend of greater angularity the sub angular category has increased its
representation by over 5% when compared to reach 1 values, while the sub rounded
population remained stable with just a 0.5% increase.
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Figure 3.12. Allt Dubhaig sub-reach 2 surface material angularity analysis
Measurements of slope and hydraulic variables within sub-reach 2 reported by
Ferguson and Ashworth (1991) are summarised in Table 3.5.
SLOPE 0.011
SHEAR STRESS 31.0 Nm-2
STREAM VELOCITY 1.42ms-1
DEPTH 0.57m
Table 3.5. Allt Dubhaig sub-reach 2 slope and flow characteristics (Source: Ferguson and
Ashworth, 1991).
The slope measured shows a reduction of 0.004 in gradient from the measurement
taken within sub-reach 1. The shear stress value is also less than the median value given for
sub-reach 1, this being a direct reflection of the decreased gradient. Velocity and depth
figures show increases from their sub-reach 1 values, at least partly due to a decrease in
channel width and increased sinuosity as the river becomes less divided.
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3.3.1.3. Sub-reach 3 (Figure 3.13 and Plate 7).
The main morphological feature of sub-reach 3 is a classic single channel meander
bend, of the Keller (1972) type 5 channel, with a well-developed gravel point bar. The
deep narrow thalweg undercuts the outside turf bank extensively with cantilevered turf
blocks, up to 2m in size, falling into the channel but quickly breaking down. Throughout
the study period the amount of bank erosion was approximately matched by point bar
aggradation to give the channel a constant width. Apart from the channel shift due to
erosion, the channel morphology remained stable during the research period. The presence
of the extensive point bar development raises the proportion of bar to over 55% of the total
surface area, but in contrast to sub-reach 1, as well as a regularly active chute across the
point bar, a large proportion of the entire bar area was observed to be submerged at very
high flow, therefore almost the whole area could be classed as active channel. The data
displayed on Table 3.6 also show that the proportion of undifferentiated channel has
increased, mostly at the expense of riffle channel while the pool total seems stable due to
the presence of deep pools associated with the outside of the meander bend.
BAR 55.9%
RIFFLE 9.4%
POOL 8.2%
UND1N±RENTIATED 26.5%
Table 3.6. Allt Dubhaig sub-reach 3 bed morphology classification.
The grain size plots (Figure 3.14) show a continuation of the downstream trend of
fining surface grain composition, the sub-surface material size distribution is also fmer than
the two upstream reaches, but as the D50 figures indicate, the degree of surface coarsening
has not decreased further. The maximum sized clasts fall within the same phi class as their
sub-reach 2 counterparts.
Figure 3.15 indicates that within the tracer sample at least, the bed material within
sub-reach 3 is becoming more uniformly mixed in terms of Zingg shape categories. There
is only a 2% difference in terms of category population between the equant, tabular and
prolate groups. This equalisation described has been brought about by a decrease in the
proportion of equant and tabular clasts and a significant rise in the number of prolates in the
sample. Bladed stones remain the least abundant but their occurrence has increased.
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Figure 3.14. Allt Dubhaig sub-reach 3 grain size distributions.
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Figure 3.15 Allt Dubhaig sub-reach 3 bed surface shape analysis.
The tracer sample angularity chart (Figure 3.16) indicates that the proportion of
stones within the sub- categories continues to increase downstream. In this sub-reach they
account for almost 90% of the population, over 51% of these falling within the sub-
rounded division. Towards the outside extremes of the x-axis there are slightly more
rounded than angular clasts but there is a single tracer falling within the very angular group.
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Plate 7. Allt Dubhaig sub-reach 3. (Direction of flow left to right).
Plate 8. Monachyle Burn study reach 2. (Direction of flow right to left).
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Figure 3.16. Allt Dubhaig sub-reach 3 bed surface angularity analysis.
Summary data reported by Ferguson and Ashworth (1991) concerning slope and
flow conditions within sub-reach 3 are listed in Table 3.7.
SLOPE 0.0085
SHEAR STRESS 28.0Nm-2
STREAM VELOCITY 1.29ms-1
DEPTH 0.48m
Table 3.7. Alit Dubhaig sub-reach 3 slope and flow characteristics. (Source Ferguson and
Ashworth, 1991).
Depth, velocity and shear stress are again less than upstream values, due partly to
the large area of unvegetated gravel which produces large local mean and maximum channel
widths. Considering the whole alluvial length of the Alit Dubhaig, Ferguson and Ashworth
(1991) found the rapid downstream decreases in shear stress and associated bed roughness
(a measure of bed surface sorting) to be statistically significant. In contrast, the overall
variations in velocity and depth were not significant to a 0.05 level when tested with Mann-
Whitney and Spearman correlations.
The sub-reaches described were identified for purposes of river channel
classification, to aid identification of downstream sedimentological and morphological
changes, and to facilitate tracer collection and seeding. In reality the entire reach can be
regarded as a whole, with tracers able to move downstream right through their seeding sub-
reach and into the next.
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Figure 3.17 Location of Monachyle Burn
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3.3.2. THE MONACHYLE BURN.
The second river chosen for study was the Monachyle Burn in the Braes of
Balquhidder within the Central Grampian Mountains of Scotland (Figure 3.17). Together
with the neighbouring Kirkton catchment, this river has been instrumented by the Institute
of Hydrology for a series of studies to determine water and sediment yields, as well as
water quality parameters, under varying vegetation covers. The overall programme is co-
ordinated by a consortium which includes TH, FRPB, SDD, Hydro-Electric and DAFS.
Detailed accounts of some of this work are given by Mackie (1987) and Stott et al. (1986).
The originally unforested Monachyle catchment has an area of 7.7km 2 with the main
river draining a steep sided valley, naturally colonised by heather, grasses and bracken.
There is a variable cover of peat and glacial drift deposits over Moinian mica schists which
make up most of the river's bed material. Further sediments, predominantly exotic gneiss
and quartzite, are introduced at point sources by active bank erosion of glacial material.
While making a visit to the site during the autumn of 1987 a potential problem with
the river was identified, some of the bed material being heavily colonised with algae,
suggesting that it had remained inactive for a long period. Bedload measurements had been
carried out at high flow as a part of the IH programme but it was felt that a small
preliminary study would be useful so that expense and time were not wasted on an inactive
site. This work involved simple spray painting on site of 200 pebbles which were then
seeded at eleven sections along a short test reach. In the spring of 1988 the stones were
relocated in altered positions, thus demonstrating significant down channel transport, and
the collection of stones for the major study commenced.
The choice of experimental reach was limited as large sections of the river are
bedrock controlled and there are also pockets of very coarse, inactive, bed material of
boulder grade, both upstream and downstream of the 350m reach eventually chosen. The
length which was finally selected was believed to provide a contrast to the Dubhaig in
several ways. Firstly, it was considered to have a more restricted range of flows which
would be responsible for a less active bedload transport regime. The stream was also
morphologic ally different. Figure 3.18 and Plate 8 show the experimental reach consisting
of a stable, long, straight single channel section with medial bars at low flow, bounded at
the upstream end by a sweeping meander bend and at the downstream end by two 90°
bends before another long straight section as the exit of the reach is approached.
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BAR 24.3%
RIFFLE 13.1%
POOL 14.5%
UNDIFFERENTIATED 48.1%
Table 3.8. Monachyle Burn bed morphology classification.
Referring to Table 3.8 and then back to Tables 3.2, 3.4, and 3.6, a comparison of
Monachyle Burn bed morphology with that of the Alit Dubhaig highlights a strikingly
different pattern, with a very much reduced percentage of bar area. The individual bars that
were present tended to be less well developed, almost proto-bar forms, emerging only a
small height above the thalweg under typical flow conditions. Being totally enclosed within
the river bank, the Monachyle bars were completely overtopped by floods more regularly
than many of the Dubhaig bars. The highest percentage of Monachyle channel is
undifferentiated, which here represents a much greater proportion of channel bed than on
the Dubhaig. Percentages of pool and riffle are roughly equal but the slight dominance of
pool area contrasts with the Dubhaig, where, although the percentage differences were
variable between sub-reaches, riffle bed would account for a greater area than pool.
The graphs displaying surface and sub-surface grain size distributions (Figure
3.19), although derived and plotted in exactly the same fashion as those for the Dubhaig,
show a somewhat different pattern. The traces below the 60% "finer than" percentage
resemble those seen before, with the sub-surface plot markedly finer than the surface plot.
In terms of D50 values it should be noted that the size distribution is clearly coarser than for
any of the Dubhaig experimental reaches. As y-axis values approach the "60% finer than"
statistic the plot begins to take on a different form with the two lines meeting and crossing
over, indicating that the surface material has become the finer category. This situation came
about as a result of the inclusion of some large stones of the -7.5 phi class within the
relatively small 50kg sub-surface samples, but very little representation from intermediate
sized classes, particularly phi classes -6.5 and -7.0. The large stones were not numerous
but their mass represented a high proportion of the total weight collected and therefore had
a great effect on the grain size distribution curve. The differentiation between surface and
sub-surface therefore does not seem as strong as within the Alit Dubhaig, because despite a
higher proportion of finer material within the substrate there are also large clasts within the
matrix. The results from the Monachyle Burn are based upon three 1 meter square samples
taken from bar sites very close to the water's edge, at approximately 100m intervals, during
the period of minimum summer flow. Compared to the Alit Dubhaig there could be less
selection in the choice of sites owing to the decreased amount of exposed bed material
within the channel. The use of only three sets of grain size analysis may be responsible for
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the development of the unusual sub-surface grain size distribution, but each of the sites did
display the same distinctive pattern.
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Figure 3.19. Monachyle Burn grain size distributions.
An observed variation in relative grain sizes along the reach did not take the form of
downstream fining. Instead it occurred more in terms of pockets of different sized
sediment, for instance the finest surface sample collected was from the site furthest
upstream.
Examination of the form characteristics of the 200 stone sample for the Monachyle,
illustrated by figures 3.20 and 3.21, shows marked contrasts with the patterns of shape and
angularity distribution described for the Alit Dubhaig.
In terms of Zingg clast shapes (Figure 3.20) the tabular category is clearly
dominant. Although this category was always well represented in the Dubhaig samples,
forming the largest category in sub-reaches 1 and 3, it was never over 35% larger than the
second ranking category. The pattern established for the other three shapes is similar to that
on the Dubhaig with numbers within divisions declining from equant through prolate and
into the bladed group. However, by comparison, in this river the equant total is much
reduced, the abundance of prolates is down and the bladed total remains roughly the same.
61
3. STUDY AREAS AND EXPERIMENTAL DESIGN.
These considerations have the overall effect of markedly equalising the abundance of the
non-tabular categories.
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Figure 3.20. Monachyle Burn surface material shape analysis.
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Figure 3.21. Monachyle Bum bed surface angularity analysis.
The angularity chart (Figure 3.21) displays a contrast in bed material character to
that presented for all Dubhaig sub-reaches. The two sub- categories are again dominant, but
it is sub-angular stones which are the most abundant within the 200 stone sample. There
are no tracers which fall into either of the very- categories, but numbers in the rounded and
especially in the angular categories are higher than Dubhaig values, all the increases in
category sizes considered being at the expense of the sub-rounded total. The single most
noticeable difference in clast form between the two rivers is therefore in terms of the
number of sub-angular and angular clasts, which the tracer samples suggest are more
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abundant on the bed of the Monachyle. A quick visual inspection of the Monachyle bed
material backs the evidence gained from the 200 stone sample with much of the material
having a strikingly angular appearance. The most angular material seems to be derived from
the areas of active bank erosion. The greater angularity of these clasts compared to those of
the Dubhaig floodplain deposits is believed to be a reflection of the very much lower
incidence of fluvial reworking since initial deposition.
As a direct result of the difference in bed material angularity the two experimental
river reaches also differed in terms of the bed surface layer fabric. Using Church's (1979)
classification much of the Allt Dubhaig bed would be classified as normal but within the
Monachyle extensive areas of the bed were tightly packed and underloose with more
extensive interlocking and imbrication, often involving pebble cluster formation on the bed
surface.
The channel slope of the Monachyle experimental reach was measured using an
automatic level. The mean figure was determined as 0.01, making it roughly equivalent to
sub-reach 2 of the Dubhaig in terms of the quoted measurements made by Ashworth
(1987).
As flow was to be monitored on the Allt Dubhaig using specially erected
equipment, the Monachyle was especially ideal as a secondary site since it was already
gauged at two locations. Data from the downstream set of Crump and lower stage flume
weirs, whose positions are shown on the site map (Figure 3.17), has been kindly provided
by the Institute of Hydrology for the period of experimentation.
The site is located 1.5 miles along a private forestry road, providing good access to
within easy walking distance of the study reach. A locked gate at the lower end of the road
prevents unauthorised access to the site.
3.4. FLOW RECORDINGS.
The two sets of graphs making up Figures 3.22 and 3.23 show a series of duration
graphs for flows of 1 cumec and over occurring between each search of the Monachyle or
Dubhaig. Discharge values are plotted along the y axis in cumecs, while along the x-axis
the period of time (to the nearest quarter of an hour) for which that discharge was exceeded
is displayed. Care has to be taken in interpreting the graphs because the variable nature of
the data sets has resulted in the use of different axial lengths. Caution must also be sounded
in that the graphs do not represent single floods but a compilation of events occurring
between searches, therefore these are not traditional flow duration curves as used in
hydrometry.
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The graphs show higher peak flows being recorded on the Monachyle Burn than
the Allt Dubhaig. This seems especially surprising given the larger catchment for the
Dubhaig to draw from, the larger size of the channel itself, and the fact that the rivers
would generally fall under the influence of the same weather systems. In reality the
Dubhaig data is not ideal in terms of discharge conversions from higher stage readings.
The problem lies in the use of the rating given in Figure 3.2. As explained earlier, this was
based upon gauging of within channel flows, the results then being projected up to higher
stage readings. This is perfectly acceptable and accurate until the banldull discharge of
roughly 6m3s- 1 is reached, at which point the problems associated with overbank flows
outlined in section 3.1.1 become severe. At the Monachyle Burn the gauging construction
was designed to contain very large flows, but along the experimental reach overbank
conditions are believed to be approached at discharges in excess of 7 to 10 m 3s- 1 depending
on the actual position within the reach
The seasonal patterns of flood flow for both sites were very similar. This is only to
be expected given their proximity, although of course there are localised variations in detail
between the sites. For the majority of January and February, precipitation occurred
predominantly as snowfall at both sites, and did not have an immediate response in terms
of river flow, being stored until a thaw occurred. During mid-winter the rivers became
increasingly iced over until flow was more or less halted as the stream became frozen to the
bed in shallower areas. At this time bar surfaces were frozen solid even when not covered
by a mantle of snow. As conditions began to ease, some small to moderate increases in
flow occurred due to slow thaw conditions in both catchments. When the first major thaw
began it was often accompanied and accelerated by heavy rain, producing the most severe
series of floods recorded at each site. Even after the first major thaw snowfall and diurnal
melting sequences were common, especially on the Dubhaig where the higher altitude
resulted in wintery conditions persisting longer into the spring. However, at this time of the
year thaws were regular and did not allow very large volumes of snow to accumulate.
Therefore flows of the magnitude of the first thaw were never approached. From just after
the first thaw on the Monachyle and more often at the Dubhaig as spring progressed, heavy
frontal rainfall continued to produce moderate to high flows. As summer approached flows
became more uniform with flood peaks and duration both falling. For most of the early and
mid summer the rivers ran at base flow level with any rainfall usually not being sufficient to
raise the flow to the 1 cumec threshold required for inclusion on the flow duration graphs.
During late summer convectional storms did result in some flow peaks exceeding 1 cumec
and helped to begin to start building up the general flow level so that prolonged frontal
autumn and winter rainfall floods could reach significantly high peak values. Towards the
very end of the year precipitation began to fall as snow, which would typically not enter the
stream flow until the next year.
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3.5. MAGNETIC TRACING.
Many of the techniques employed in this programme of study were originally
developed by Schick and his Israeli co-workers (Hassan et al. 1984) for use in ephemeral
streams. For usage in a temperate environment, in which stream flow is perennial, some of
the methods, especially of tracer recovery, had to be modified.
3.5.1. TRACER PROCESSING.
Samples of bed material, representative of local bed size distribution based upon
100 clast Wolman (1954) random surface counts made at the upstream end of each test
reach or sub-reach, were collected to be made into tracers. In total enough stones to
manufacture 600 tracers were removed from the bed of the Allt Dubhaig (200 per sub-
reach) and enough for the production of 200 tracers were taken from the Monachyle Burn.
After collection the samples were taken back to St. Andrews for processing. Holes
were drilled into the clasts, as close to the supposed centre of gravity as possible, using
pillar drill rigs with tungsten masonry bits. This work was undertaken in the workshops of
the Geography and Geology, and Chemistry Departments of St. Andrews University.
Powerful cylindrical ceramic magnets were then inserted into the holes, two sizes of
magnet being used, lOmm (diameter) x 6mm (depth) for the majority of tracer stones and
5mm (diameter) x lOmm (depth) magnets for the smaller ones where a large bore drill bit
tended to split the rock. The larger magnets were supplied by Bisbell Magnetic Products 1,
the smaller set by Newell Shredders Ltd 2 . The magnets were sealed into place using a
transparent epoxy resin, set into which was an identification number for the tracer. The
resin not only secured the magnet in position but its low density also compensated for the
high density of the magnet. Hassan (1984) found that using this preparation 70% of his
total tracer population showed weight increases of less than 0.2% of their original mass.
The now magnetised tracers were then painted with a bright orange household gloss to
visually aid recovery and the identification number was painted onto the stone in a number
of positions so that one would be visible in most stone orientations. Finally the properties
of each tracer were determined. The weight of each was recorded, and the three principle
axial lengths (a, b and c) were measured and noted. From the axial data expressions of
shape (Section 3.1.1.) were derived, and a visual assessment of clast angularity (Section
3.1.1.) was undertaken. All of these tracer properties are listed in Appendix 1, while some
summary statistics concerning tracer size and weight appear in Tables 3.9 and 3.10.
iBisbell Magnetic Products, 9 Park Road, Alrewas, Burton-on-Trent, Staffs. DE13 7AS.
2Newell Shredders Ltd., Burnt Meadow Road, North Moons Moat, Redditch, Worcs.
B98 9PA.
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ALLT DUBHAIG
DESIGN.
MONACHYLE
DIMENSION REACH 1 REACH 2 REACH 3 WHOLE BURN
MEAN 67.15mm 58.26mm 56.88mm 60.77mm 63.18mm
MAXIMUM 185.0mm 135.0mm 117.0mm 185.0mm 140.0rnm
MINIMUM 22.0mm 26.0mm 22.0mm 22.0mm 30.0mm
Table 3.9. Tracer b-axis statistics.
ALLT DUBHAIG MONACHYLE
WEIGHT REACH 1 REACH 2 REACH 3 WHOLE BURN
MEAN 550.77g 377.72g 380.74g 436.61g 320.39g
MAXIMUM 5890.0g 2925.75g 269.25g 5990.0g 2696.0g
MINIMUM 43.82g 3529g 20.66g 20.66g 48.65g
Table 3.10. Tracer mass statistics.
When considering these tables it must be remembered that the statistics are based
upon the stones chosen for tracer preparation and are not a reflection of a true bed surface
grain size distribution. For instance, minimum tracer stone size was determined by the
existence of a truncation point below a c-axis diameter of approximately 8mm due to the
need to use stones which could be drilled without incurring too many losses.
3.5.2. SEEDING.
Once the magnetic tracers had been made they were taken back to the field sites
from which they were collected and seeded back into the rivers (Plate 4). On the Dubhaig
tracers were seeded into 4 rows of 50 close to the upstream end of each sub-reach. On the
narrower Monachyle 6 rows of 25 stones were seeded at the upstream end of the reach and
2 more rows of 25 stones were seeded at the upstream end of the medial bar within the long
straight section. The positions of seeding rows are shown on the reach maps (Figures 3.5,
3.9, 3.13 and 3.18). The process of emplacement involved stones being positioned on the
bed surface and pressed lightly in by foot. The dates of tracer seeding were the 17th August
1988 (Alit Dubhaig) and the 4th October 1988 (Monachyle Bum).
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3.5.3. RELOCATION.
Once flood dispersal had taken place relocation was undertaken using a Schonstedt
Instrument's Heliflux Magnetic Locator Model GA-52B (Plate 9 and Figure 3.24). This
equipment works upon the principle of the differential detection of a magnetic tracer
between the two sensors (A and B, Figure 3.24) which are 51cm apart within the 88cm
staff. As the detector approaches a tagged stone the intensity of its magnetic field becomes
increasingly greater at the lower sensor in relation to the upper sensor, this difference is
translated into an audible departure from the normal 65 Hertz tone produced by the unit.
A search is made with the sensitivity control of the instrument set between medium
and high. High sensitivity settings could not be used because of the presence of some
naturally magnetic minerals in the bed material and some large ferric garbage which can
also complicate the signal. Once a change in tone occurs the sensitivity control is reduced to
"home-in" on the source and differentiate between nearby signals. Traverses were made
across the rivers holding the detector upright and slowly sweeping from side to side over a
small area. Progress downstream was made with each "sweep" but an overlap was kept at
all times to ensure that as much of the whole bed as possible was covered during a search.
When a signal was received but no sources were visible on the surface, shallow excavation
began by removing individual surface stones in an effort to cause as little disturbance to the
bed as possible. If it became evident that the source of the signal was more deeply buried a
shovel was used to clear away the overlying material. Once an orange stone was uncovered
excavation continued only until one of its identification numbers could be read. On
recovery, a tracer's identification number was noted and its position recorded with
reference to a set of surveyed pegs, one on each bank (peg positions shown on reach maps,
Figures 3.5, 3.9, 3.13, 3.18), so that its location upstream or downstream of the peg set
could be plotted on a map of the reach by simple triangulation techniques. This then
enabled the distance of transport of the stone to be simply read off the map, although the
distance measured may not represent the actual trajectory taken by the tracer. The tracer
burial state was also noted, the stone being recorded into one of three categories:
a. SURFACE. On top of the bed.
b. WITHIN. 30% or less of the stone visible.
c. BURIED. No part of the stone visible before exhumation.
In the case of buried tracers the depth of burial to the stones uppermost face was
also measured. Other factors also considered included a tracer's relocated position within
the channel, possibilities being bar, riffle, pool, or undifferentiated channel. For surface
stones any clustering or imbrication was noted. Finally, if the tracer required maintenance a
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new coat of paint or identification number was applied. However this was avoided as far as
possible if it required complete removal of a tracer from the bed.
fr
After details of the stone had been recorded the bed was carefully reconstructed so
as to cause the minimum disturbance possible to the natural bed state. When the hole in the
bed had been refilled with the material previously taken out, the natural flushing in of fines
from upstream rapidly began to restore an excavated pit to something approaching its
original state.
3.5.4. TRACER RECOVERY RATES.
After tracer seeding a total of thirteen searches of the Dubhaig and nine of the
Monachyle Burn were made up until mid December 1989. Tables 3.11 and 3.12 record the
dates between which searches were undertaken and also note the total recovery rates
achieved for each. If the recovery rates displayed on the Tables (3.11 and 3.12) are
compared with those achieved during previous tracer studies noted in Table 2.1 it is
apparent how favourably the new set of recovery data compare.
SEARCH No. DATES RECOVERY RATE
1 22:10:1988 - 1:11:1988 86%
2 11:11:1988-28:11:1988 84%
3 13:12:1988 - 15:12:1988 84%
4 8:1:1989 - 10:1:1989 84%
5 19:1:1989-5:2:1989 81.5%
6* 10:2:1989 -18:2:1989 14.5%
7 16:3:1989-1:4:1989 83.5%
8 28:4:1989 - 30:4:1989 80%
9 16:5:1989 - 20:5:1989 80%
10 20:6:1989 - 25:6:1989 80.5%
11** 9:8:1989 - 21:8:1989 63.5%
12** 16:10:1989 - 19:10:1989 60.5%
13 30:10:1989 - 22:11:1989 82%
*First part of reach 1 only.
** Detector malfunction.
Table 3.11. Alit Dubhaig searches and recovery rates.
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DATES
	
RECOVERY RATE
1 25:11:1988 100%
2 17:12:1988 100%
3 3:3:1989 - 6:3:1989 92%
4 26:4:1989 - 27:4:1989 92.5%
5 7:6:1989 92.5%
6 4:8:1989 - 6:8:1989 92%
7* 1291989 - 13:9:1989 81%
8* 30:9:1989 - 1:10:1989 77.5%
9 23:11:1989 - 25:11:1989 94%
*Detector malfunction.
Table 3.12. Monachyle Burn searches and recovery rates.
The recovery rates are, on the whole, very much higher than those associated with past
studies; typically over 80% on the Alit Dubhaig and over 90% for the Monachyle Burn,
although the 100% recovery reported after searches 1 and 2 is a reflection of the inactivity
of the tracer stones rather than a spectacular achievement for the technique. Recovery rates
fell to lower values only when the detector was faulty for a period covering four searches in
the autumn of 1989 (Dubhaig 11 and 12 and Monachyle 7 and 8), before another detector
unit was made temporarily available from Prof. P. Ergenzinger of the Frei University in
Berlin. Even for those searches made while the equipment would allow only relocation of
material visible at the surface, the final recovery rate given has only decreased by a
maximum of 20%. This was due to the subsequent relocation of some stones during the
last set of searches occupying the same buried positions as they had prior to the locator
malfunction. The only other low recovery rate was that listed on Table 3.11 for search 6 of
the Alit Dubhaig and occurred because a flood caused extensive reactivation of bed material
during the first day of the search. On account of this the search was abandoned and a new
one begun. It is this "reactivation" factor, even by moderate flows between and during
searches that has made any attempt to isolate the impact of individual flood events, or any
study of step lengths taken during floods unfeasible. Thus, due to the time required to
complete a full search, the data presented will represent a collection of flood events and not
the effects of a single flood flow. This is the only major drawback with the substantial data
set collected and it is a topic which will be returned to later in this thesis.
73
3. STUDY AREAS AND EXPERIMENTAL DESIGN.
3.5.5. TRACER LOSSES.
Despite the excellent recovery rates reported there are still marked losses to be
accounted for, especially as these results show a lower recovery rate than that obtained
using the same technique in Israeli ephemeral streams (Hassan 1988). There are two
reasons for the loss of tracer stones:
i. DEEP POOLS: The meter long staff portion of the detector is fully waterproof but care
had to be taken not to get the control unit wet. In the deeper pools only particles on or
within the surface layer could be relocated and even then often with considerable difficulty.
ii. ADJACENT TRACER STONES: When a magnetic signal had been detected the search
continued until its source was located. In an effort to cause as little disturbance to natural
bed conditions as possible, once excavation had allowed identification no more material
was moved. In Israel, where bed excavation and reconstruction was considerably easier,
on account of dry bed conditions, the tracer was removed on being located (Schick and
Hassan, personnel communication) and the immediate area searched for nearby tracers
whose signals may have overlapped. Without removal of magnetic stones at the time of
relocation the effectiveness of the search relies solely on the correct use of the detection
equipment's sensitivity settings, but even then signals from very close stones would be
difficult to separate.
A thorough search of up to 400m downstream of the last recovered stone was
always undertaken to try and eliminate the problem of stone loss out of the study reach.
On the whole, tracers seeded within both streams remained in good condition for
the duration of the project, although by the end some paint surfaces were becoming worn.
Three tracer stones had broken before the end of the experimental period, two in the Alit
Dubhaig and one in the Monachyle, these had split in two, abrasion probably exploiting
planes of weakness created when the stones were drilled.
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Chapter 4.
OCCURRENCE AND DISTANCE OF BEDLOAD TRANSPORT.
4.1. SUMMARY RESULTS.
Full tracer transport results are included in Appendix 2, but for the purposes of this
chapter summary data will be used to illuminate general trends within the data sets. The
tables which accompany this section act as statistical descriptions of the occurrence and
magnitude of tracer transport. Separate Tables have been produced for the Monachyle
Burn, the complete Dubhaig study reach and each of the sub-reaches of the Alit Dubhaig.
Each table consists of four columns of data, the first contains the search number prior to
which the movements described occurred. This can be cross referenced with both the
appropriate search table (Tables 3.11 and 3.12) and the flow record. (Figures 3.22 and
3.23). The second column of each Table gives a percentage figure for the occurrence of bed
material activity, the figure refers to the fraction of the total tracer population (for that river
or reach) which had moved since the previous search. The final two columns give details of
the mean and maximum distances moved by the mobile fraction of the tracer population
between searches.
Details of recorded vertical movement of tracer stones are not included at this stage
but will be extensively reported and discussed within Chapter 7.
All columns in tables displaying tracer transport statistics (Tables 4.1, 4.4, 4.5, 4.6
and 4.7), apart from that for search number, are split into known and possible
subdivisions. These two categories were necessary on account of some uncertainty within
the data sets collected. The known category refers to a subset of the tracer population
relocated during a search and classed as mobile, these stones occupied different positions to
those recorded during the immediately preceding search, therefore the movement could
only have occurred as a response to conditions since that last search. The possible statistics
given are based upon the complete mobile fraction of tracers for a search, which may
include a number of tracers which had not been recovered during immediately preceding
searches. The movement recorded could have taken place at any time since the stones were
last recovered, not necessarily all, or any of it, prior to the search under which the transport
is recorded. For some searches there is no variation between the two statistics within a
column. In other cases there is a discrepancy between the values, with the true figure
probably lying not at one of the extremes given but a value between them. In terms of
percentage movement and maximum transport distance, if there is a variation between the
two sets of figures for a search the possible percentage will always be the higher value,
while possible mean distance statistics could be of lower value than known, depending on
75
4. OCCURRENCE AND DISTANCE OF BEDLOAD TRANSPORT.
the values of additional observations. As a general rule the smaller the discrepancy between
the two values of a category the more accurate the statistics are. Instead of reviewing the
same characteristics twice during discussions of the results, reference will be made
primarily to the possible data for a transport variable. Thus in reporting results, both
known and possible data sets are included but the analysis is mainly focused on the latter,
since this provides the optimum record for the purposes of this project.
Statistics recorded for mean transport distances are based upon data for mobile
tracers only, if all tracers were considered in the calculations the occurrences of zero
transport distances would lower the values calculated.
Where the result tables indicate a detector malfunction the data presented represents
primarily a bed surface search only.
4.1.1. THE MONACHYLE BURN.
Summary statistics concerning the occurrence and distance of transport of the 200
tracers seeded into the Monachyle Burn are displayed in Table 4.1.
SEARCH
No.
%
HORIZONTAL
MOVEMENT
KNOWN POSSIBLE
MEAN
TRANSPORT
DISTANCE (m)
KNOWN POSSIBLE
MAXIMUM
TRANSPORT
DISTANCE (m)
KNOWN POSSIBLE
1 54.5 54.5 2.5 2.5 19.0 19.0
2 12.0 12.0 3.5 3.5 7.8 7.8
3 85.0 85.0 19.3 19.3 151.1 151.1
4 43.5 43.5 11.3 11.3 120.5 120.5
5 0.0 0.0 0.0 0.0 0.0 0.0
6 0.0 0.0 0.0 0.0 0.0 0.0
7* 29.0 29.5 7.7 8.0 38.5 38.5
8* 30.5 35.0 11.3 13.0 86.6 86.4
9 19.0 23.0 12.6 14.3 285.0 285.0
*Detector malfunction.
Table 4.1. Monachyle Burn summary tracer transport statistics.
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4.1.1.1. Accuracy.
Of all the results presented in this chapter it is this set for the Monachyle that shows
the greatest degree of correspondence between known and possible statistics. All values are
equal within the two sub-divisions of the data for the first six searches. This is primarily a
result of the excellent recovery rates reported until the detector malfunction at the time of
search 7. This search displayed very slight differences in % movement and mean distance
of transport, while the final two searches showed limited variations between known and
possible values, in the region of 4% for the difference in horizontal movement values and
1.5m in the mean transport distances. For all searches the maximum horizontal movement
statistics show exact correspondence between known and possible values.
4.1.1.2. % Horizontal Movement.
In terms of the occurrence of movement, one of the first features to note is the
period of inactivity between searches 5 and 6 during which no tracer movement took place.
Search 2 displays the lowest level of activity involving detected movement, while at the
opposing extreme the greatest percentage movement was recorded by search 3, the other
searches all fell within the 73% range between these maximum and minimum values. The
full ranking of Monachyle Bum searches in terms of % movement figures is listed in Table
4.2.
RANK SEARCH No.
1 Search 3 Maximum
2 Search 1 11
3 Search 4 1.1 Decreasing
4 Search 8 .11	 values
5 Search 7 11
6 Search 9 11
7 Search 2 Minimum
8= Search 5 Zero Movement
8= Search 6 Zero Movement
Table 4.2. Monachyle Burn searches ranked in terms of % horizontal movement recorded.
The overall average % horizontal movement per search, which can be used as an
index of bed activity for the river, has a calculated known value of 30.4%. This could in
reality be only slightly higher, the maximum "possible" value being 31.4%.
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4.1.1.3. Transport distance.
Data from Table 4.1 has been employed to rank the Monachyle searches in terms of
the two transport distance values. Discounting searches which showed no tracer
movement, the range for mean transport distances rises from about 2.5m. (reported for
search 1), to just under 20m, (search 3), while the maximum distance statistic recorded
rises from under 8m (search 2), to slightly less than 300m (search 9). The full rankings for
both transport distance variables are given in Table 4.3.
HORIZONTAL MOVEMENT
RANK MEAN MAXIMUM
1 Search 3 Search 9 Maximum
2 Search 9 Search 3 ti
3 Search 8 Search 4 11 Decreasing
4 Search 4 Search 8 11.	 values
5 Search 7 Search 7 .11.
6 Search 2 Search I 11,
7 Search 1 Search 2 Minimum
8= Search 5 Search 5 Zero Movement
8= Search 6 Search 6 Zero Movement
Table 4.3. Monachyle Bum searches ranked in terms of transport distances recorded.
Tracer transport distances are also displayed graphically in the form of bar charts,
which plot the number of stones falling into 10m classes representing the total distances
moved by each tagged stone during the tracer experiments. For this part of the analysis
there was no need to remove the non-mobile portion of the tracer population since all
stones,. bar one, were transported some distance downstream over the duration of the
whole experiment.
According to Figure 4.1 the modal class of Monachyle tracers in terms of total
transport distance is the first, which contains 52 stones moving between 0 and 10m. Over
the next three classes the frequency falls steadily, to become relatively stable with only
small peaks and shallow troughs within a range of 9 to 13 stones per class up to a distance
of 80-90m from seeding. This and the following four classes show alternate peaks, of 6 or
5 stones, divided by troughs. The 130m-140m class is the first to contain no stones, but at
greater distances there are isolated occurrences of transport within the 150m-160m, 160m-
170m and 280m-290m classes. An overall possible mean inter-search transport distance
was calculated, using data from Table 4.1, as 7.8m.
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Figure 4.1. Total transport distances of Monachyle Burn tracer stones.
4.1.2. THE ALLT DUBHAIG.
SEARCH
No.
%
HORIZONTAL
MOVEMENT
KNOWN POSSIBLE
MEAN
TRANSPORT
DISTANCE (m)
KNOWN POSSIBLE
MAXIMUM
TRANSPORT
DISTANCE (m)
KNOWN POSSIBLE
1 75.0 75.0 24.8 24.8 189.9 189.9
2 15.7 25.0 6.8 16.4 89.0 159.0
3 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0
5 56.3 70.0 46.2 49.4 274.9 274.9
6* 11.5 17.0 12.9 14.0 50.0 55.8
'7 12.3 37.7 19.1 28.3 113.3 183.6
'8 2.7 3.0 2.2 12.5 29.7 106.8
9 0.0 0.0 0.0 0.0 0.0 0.0
10 1.0 2.0 0.7 33.3 1.1 168.0
11** 4.0 4.3 16.6 9.9 107.9 . 108.0
12** 15.1 24.4 14.6 18.7 111.6 111.6
13 3.8 19.7 9.2 20.6 81.2 186.0
* First part of sub-reach 1 only.
**Detector malfunction.
Table 4.4. Alit Dubhaig summary tracer transport statistics.
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SEARCH
No.
%
HORIZONTAL
MOVEMENT
KNOWN	 POSSIBLE
MEAN
TRANSPORT
DISTANCE (m)
KNOWN POSSIBLE
MAXIMUM
TRANSPORT
DISTANCE (m)
KNOWN POSSIBLE
1 78.5 78.5 19.0 19.0 126.7 126.7
2 35.5 45.5 15.4 17.4 89.0 135.0
3 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0
5 54.5 70.5 55.0 54.7 209.3 209.3
6* 11.5 17.0 12.9 14.0 50.0 55.8
7 7.5 39.0 13.5 30.7 69.8 183.6
8 5.5 6.0 6.6 6.9 29.7 29.7
9 0.0 0.0 0.0 0.0 0.0 0.0
10 0.0 0.0 0.0 0.0 0.0 0.0
11** 1.5 1.5 37.6 37.6 108.0 108.0
12** 13.5 19.5 10.4 15.8 46.9 70.2
13 2.0 14.5 8.9 24.1 16.3 186.0
*First part of reach 1 only.
** Detector malfunction.
Table 4.5. Allt Dubhaig sub-reach 1 summary tracer transport statistics.
SEARCH
No.
%
HORIZONTAL
MOVEMENT
KNOWN POSSIBLE
MEAN
TRANSPORT
DISTANCE (m)
KNOWN POSSIBLE
MAXIMUM
TRANSPORT
DISTANCE (m)
KNOWN POSSIBLE
1 62.5 62.5 43.5 43.5 189.9 189.9
2 9.5 17.5 2.3 19.2 11.8 159.0
3 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0
5 59.0 70.0 53.1 61.6 274.9 274.9
6*
7 32.5 40.5 21.6 28.1 113.3. 167.1
8 2.5 3.0 6.9 23.6 18.0 106.8
9 0.0 0.0 0.0 0.0 0.0 0.0
10 0.0 2.0 0.0 71.5 0.0 168.0
11** 5.0 5.5 4.2 4.8 28.9 28.9
12** 11.5 24.0 17.2 23.6 66.1 110.9
13 3.0 28.5 1.6 23.4 4.8 131.9
*First part of reach 1 only.
**Detector malfunction.
Table 4.6. Allt Dubhaig sub-reach 2 summary tracer transport statistics.
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SEARCH
No.
%
HORIZONTAL
MOVEMENT
KNOWN POSSIBLE
MEAN
TRANSPORT
DISTANCE (m)
KNOWN POSSIBLE
MAXIMUM
TRANSPORT
(mDISTANCE	 )
KNOWN POSSIBLE
1 83.0 83.0 16.3 16.3 82.6 82.6
2 2.5 11.0 2.5 7.9 8.42 40.6
3 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0
5 55.5 65.5 30.4 30.8 103.5 103.5
6*
7 27.0 32.0 22.4 25.6 110.1 110.1
8 0.0 0.0 0.0 0.0 0.0 0.0
9 0.0 0.0 0.0 0.0 0.0 0.0
10 3.0 3.5 0.7 11.6 1.1 59.1
11** 5.5 6.0 8.0 7.5 48.3 48.3
12** 20.5 29.0 16.4 16.7 111.6 111.6
13 6.5 16.5 17.1 12.9 81.2 81.2
* First part of reach 1 only.
** Detector malfunction.
Table 4.7. Allt Dubhaig sub-reach 3 summary tracer transport statistics.
Four tables are presented to display basic horizontal tracer movement statistics for
the Alit Dubhaig. The first, Table 4.4, brings together tracer stone transport data from the
whole of the study reach. The basic tracer movement results from each individual Dubhaig
sub-reach are then given in Tables 4.5, 4.6 and 4.7. As before, the mean transport distance
statistics represent the mobile portion of the tracer population only.
4.1.2.1. Accuracy.
In contrast to the Monachyle Bum results, the Alit Dubhaig searches show a much
larger variance between possible and known values. The first search for each set of data
does show exact correspondence between known and possible statistics but this is simply
because the original seeding positions of the tracers are always known. Also, searches
which recorded zero horizontal movement obviously show corresponding results. Apart
form these special cases, the only sets of statistics to show correspondence between the
two divisions are several sets of maximum horizontal distance data. It would be expected
that the maximum distance statistic should be equal in terms of possible and known on
more occasions than the other transport statistics, because it is based only on the
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correspondence of one stone value and not on the values for the whole of the recovered
mobile population.
4.1.2.2. % Horizontal Movement.
Tables 4.4 to 4.7 reveal a full range of bed activity levels between 0 and 83% tracer
movement over inter-search periods. On the basis of the possible % horizontal movement
statistics for the full Dubhaig tracer population (Table 4.4) the searches have been ranked,
forming the basis of Table 4.8.
RANK
1
SEARCH No.
Search 1 Maximum
2 Search 5 1.1
3 Search 7 11
4 Search 2 11
5 Search 12 11, Decreasing
6 Search 13 11.	 values
7 Search 6 11
8 Search 11 11
9 Search 8 11
10 Search 10 Minimum
11 = Search 3 Zero Movement
11 = Search 4 Zero Movement
11 = Search 9 Zero Movement
Table 4.8. Alit Dubhaig searches ranked in terms of % horizontal movement recorded.
Table 4.8 very much simplifies the record of bed activity especially in terms of the
differential behaviour between the three sub-reaches. For instance, an immediate
complication faced when comparing Tables 4.5, 4.6 and 4.7 is the apparent disparity in the
timing of activity between sub-reaches. All three of the sub-reaches displayed zero activity
before searches 3 and 4. The upstream sub-reach 1 showed further periods of river
inactivity prior to searches 9 and 10. Sub-reach 2 was also inactive for a period before
search 9 but did show some tracer movement by the time of search 10. Within sub-reach 3
the period of inactivity started earlier with no tracer movement detected prior to search 8,
the bed then remaining inactive until after search 9. The most active portion of the river
from this evidence would appear to be sub-reach 2, being inactive prior to three searches
rather than four. This sub-reach also has the largest calculated overall mean level of stone
activity between searches, amounting to movement of 23.8% of tracers. However this
value represents only a small degree of variation from the equivalent figures for sub-
reaches 1 and 3 with values of 22.4% and 20.5% respectively.
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4.1.2.3. Transport distance.
Ranking of searches based upon the two possible transport distance statistics for the
complete Dubhaig tracer set, listed in Table 4.4, has produced the following table of
analysis, (Table 4.9).
RANK
HORIZONTAL MOVEMENT
MEAN
	
MAXIMUM
1 Search 5 Search 5 Maximum
2 Search 10 Search 1 11
3 Search 7 Search 13 11
4 Search 1 Search 7 4
5 Search 13 Search 10 11 Decreasing
6 Search 12 Search 2 11	 values
7 Search 2 Search 12 .11
8 Search 6 Search 11 4
9 Search 8 Search 8 4
10 Search 11 Search 6 Minimum
11 = Search 3 Search 3 Zero Movement
11 = Search 4 Search 4 Zero Movement
11 = Search 9 Search 9 Zero Movement
Table 4.9. Allt Dubhaig searches ranked in terms of tracer transport distances recorded.
To quantify the general distances of transport involved, a set of average distance
figures were calculated with known mean transport data from the Dubhaig. The mean inter-
search transport distance travelled by tracers was 17.2m. Divided into component sub-
reaches the largest inter-search mean transport distance of 24.9m was calculated for sub-
reach 2, while sub-reaches 1 and 3 displayed overall mean transport distances of 17.0m
and 10.9m between searches respectively.
The total transport distance histograms for the Alit Dubhaig are individually
presented for each sub-reach as Figures 4.2, 4.3 and 4.4. (Note scale changes for sub-
reach 3).
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Figure 4.2. Total transport distances of Alit Dubhaig sub -reach 1 tracer stones.
Figure 4.3. Total transport distances of Alit Dubhaig sub-reach 2 tracer stones.
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Figure 4.4. Total transport distances of Alit Dubhaig sub-reach 3 tracer stones.
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All three graphs show a certain amount of similarity, the most obvious shared
characteristic being their multi-modal nature. In this they differ strikingly from the
Monachyle results (Figure 4.1). The class containing the largest number of tracers within
all three sub-reaches, with populations of slightly less than a quarter of the labelled stones,
was that for 0-10m total transport distance. After this class, occurrence fell off
dramatically, the 10-20m class population typically representing between a quarter or a fifth
of the previous class total. The second peaks are staggered between the reaches with large
concentrations of stones occurring at distances between 20m and 40m from their original
seeding positions within sub-reach 1, 60m to 70m for sub-reach 2 and over the wider range
of 40-80m within sub-reach 3. Another peak, centred approximately 100m downstream
from seeding positions, is seen in the histograms for tracers seeded into the two upstream
sub-reaches, being especially prominent on the chart for sub-reach 1. A rise in occurrence
of tracers does not appear at such a distance of transport on the graph for sub-reach 3. The
fourth peak shown by sub-reaches 1 and 2 and the third occurring for sub-reach 3 stones
occur at around the same distance values, 160-180m, in all three sub-reaches. The peak is
very strongly represented within the reach 2 data set but occurs as a less prominent feature
on the histograms for the other reaches. For the downstream sub-reach 3 this final peak is
reached in the 160-170m class and there are no stones which were finally relocated more
than 180m from their seeding position. Sub-reach 1 and 2 tracers show generally declining
numbers in each distance category after the 180m peak and after 200m some 10m
categories are no longer represented. Sub-reach 2 tracers clearly show a greater proportion
of the total population falling into classes representing distances of transport of over 200m.
Within the two upstream reaches there appears to be a further increase in the number of
tracers within distance classes over 300m, especially for sub-reach 2 stones which, by the
time they had moved this distance, would actually be well into sub-reach 3.
42, OCCURRENCE OF BEDLOAD MOVEMENT.
For any tracer to move, a threshold flow had to be exceeded (see section 4.4.1).
This obviously occurred before the majority of searches, but the % horizontal movement
statistics reported never reached a value of 100%, which indicates that within both rivers
some material had remained immobile prior to each search undertaken.
The differences between the occurrence of movement between the three reaches of
the Dubhaig are slight, with all three reaches having average inter-search % movement
statistics of values within 3% of each other, although the differences in the timing periods
of motion in relation to searches 8, 9 and 10, considered in 4.1.2.2, seems to indicate some
degree of variation between the sub-reaches. The results presented demonstrate sub-reach 2
to have the least stable bed in terms of the occurrence of tracer motion, while sub-reach 3
seems to be the most stable reach. In terms of the values of shear stress acting upon the bed
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(quoted from Ferguson and Ashworth, 1991 in Sub-section 3.3.1), sub-reach 3 with its
lower reported values should theoretically be the most stable reach, which the statistics
presented confirm. The same source of shear stress data however suggests that sub-reach 1
should be the most active portion of the experimental reach. This has been demonstrated
not to be so, suggesting that other factors may offset the effect of the decreased mean shear
stress values recorded within sub-reach 2, to produce the higher incidence of motion
recorded. Considering the river characteristics already described, the increased mean depth
reported in sub-reach two may result in localised areas of higher shear. Alternatively, the
sedimentological and morphological variations between reaches described in Section 3.3.1
may be of importance in disrupting the relationship between a channel's competence, in
terms of averaged shear stress, to transport material and the actual movements which occur.
The effects of these characteristics are to be investigated in subsequent Chapters.
In terms of a comparison between statistics of % horizontal movement for the Alit
Dubhaig and Monachyle Burn, the values recorded seem to be of the same general range.
However it would be inappropriate to put too much emphasis on direct comparisons
between the rivers given the differences in flood occurrence and search timing. The
difference between the rivers in mean amounts of tracer movement between searches,
22.24% for the Dubhaig compared with 31.39% for the Monachyle, may have more to do
with the longer time lapse between Monachyle searches than any differences in flow
characteristics, bed material sedimentology or river channel morphology between the two
sites. The longer inter-search periods providing a greater time interval for movement to
occur.
4.3. DISTANCE OF TRANSPORT.
The large differences between the values of mean and maximum distances of
transport which are often reported for the same search within both of the study reaches is
an indication of the wide range of distances travelled by tracers within a reach. This range
would be increased further if the stationary stones not included in the derivation of these
statistics are considered.
When the results of individual searches are examined, mean and maximum
transport distances show the expected positive relationship. When ranked (Tables 4.3 and
4.9) and tested using Spearman's rank correlation coefficient, these relationships were
found to be strong, calculated rs values at the 0.001 significance level between mean and
maximum inter-search transport distances being 0.94 for the Monachyle Burn and 0.92 for
the Alit Dubhaig.
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If the three Dubhaig sub-reaches are compared in terms of distance of transport
data, the transitional sub-reach 2 shows the longest transport distances. This is partly a
reflection of the higher occurrence of bed mobility noted for this reach in Section 4.2, the
potentially increased levels of tracer re-entrainment allowing larger total inter-search
transport distances to develop as a result of increased numbers of separate steps. Sub-reach
1 shows intermediate transport distances, while sub-reach 3 shows the shortest, again
reflecting the occurrence of transport reported for each of the sub-reaches. These
differences in transport distances between the three sub-reaches were also apparent from
the set of three total transport distance histograms (Figures 4.2, 4.3 and 4.4), which clearly
show that a greater proportion of sub-reach 2 tracers travel further than 300m. The
distributions of tracer concentrations shown by these diagrams are believed to represent
some kind of storage effect which could involve trapping, especially by bar forms, or
burial of tracers, the effects of which are considered at length in Chapters 6 and 7
respectively.
Comparison of Dubhaig and Monachyle inter-search transport distances shows a
clear difference in the magnitude of transport distances between the sites, much longer
transport distances for equivalent parts of the year being reported at the Dubhaig, despite
shorter periods of time between searches. These differences between the rivers are also
obvious in reference to the total transport distance histograms (Figures 4.1, 4.2, 4.3 and
4.4). About 25% of each seeding set of 200 tracers moved no more than 10m over the
course of the experiment and so occupy the first x-axis class on the total transport distance
histogram for the river or sub-reach in question. Such stones either moved short distances
between numerous searches, moderate distances over a couple of searches, or alternatively
a combination producing overall limited transport patterns. Once a transport distance of
10m has been exceeded the decline in numbers of stones in subsequent classes has been
shown to be more predictable for the Monachyle tracers, (Figure 4.1) with a quasi-
exponential distance decay. This suggests that storage zones, believed to produce the multi-
modal pattern for the Dubhaig total transport distances, are not nearly as well developed
within the Monachyle system.
Comparison of the ranked search sets for each river, (Tables 4.2 and 4.3 for the
Monachyle, 4.8 and 4.9 for the Dubhaig), show general positive relationships between the
rankings based upon % horizontal movement and those based upon mean and maximum
distances of transport. The relationships are not perfect and are obscured at times by
apparent major differences in rankings, which are to be highlighted in Sections 4.4 and
4.5. The strength of the relationships between the occurrence of tracer movement and
transport distances was determined by calculation of Spearman's rank correlation
coefficient. The Monachyle Burn showed the expected positive relationships but, with rs
values of 0.63 for the mean distance and 0.65 for the maximum at significance levels of
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0.05, the strength of the relationships was only moderate. For the AlIt Dubhaig the same
relationships held stronger correlations and were significant to a 0.01 level, the calculated
values of rs being 0.75 between the % movement and mean transport distance, and 0.85
between % movement and maximum transport distance.
4.4. BEDLOAD TRANSPORT AND FLOW ACTIVITY.
The first parameters to be analysed in terms of their influence on recorded patterns
of bedload transport are the flow conditions prior to tracer movement. Flow is probably the
most understood control of bedload transport, having been involved in the consideration of
transport processes since the work of HjulstrOm (1935) and Shields (1936).
4.4.1. THRESHOLD OF BEDLOAD TRANSPORT.
The bedload transport theories discussed in Chapter 2 base the initiation of bed
material motion around a threshold flow value which is commonly expressed in terms of a
critical shear stress value. Using the data sets presented within Sections 4.1.1 and 4.1.2 a
precise value for this threshold cannot be identified for the Dubhaig and Monachyle.
Nevertheless the range of flows containing the threshold can be restricted to a band of
values within which the first detected movement occurred. It proved impossible to obtain
field based measurements of shear stress during the experimental period, so the discharge
values from the gauging record are used to define threshold conditions. It was not thought
worthwhile calculating the reach average shear stress values corresponding to each of the
discharge figures quoted because the variability of flow depth, across the width and length
of the channel, and slope changes would make the figures of little applicability. The method
of identifying the threshold value is simple and logical. The critical figure must fall between
the maximum discharge preceding a search during which no tracer activity was detected and
one of the flow peak values occurring before the most limited occurrence of transport. The
two rivers are dealt with individually, and the discharge statistics quoted are derived from
Figures 3.22 and 3.23.
4.4.1.1. Monachyle Burn.
Zero movement occurred prior to searches 5 and 6, flood activity before these
searches was low, Figure 3.23(e) recording peak discharges of 1.2 and 2.0 m3s-1
respectively. Above the transport threshold, search 2 showed the smallest recorded degree
of mobility, with 12% of tracers displaced, this occurring after flows of 4.82, 3.77 and
4.13 m3 s- 1 as recorded in Figure 3.23(b). In this case the threshold is defined rather
imprecisely as the range of values within which it must occur lies between 2.0 and 4.82
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m3s- 1 . This large range in stream discharges is a reflection of the large difference between
0% and 12% tracer transport on which the threshold determination is based.
4.4.1.2. Alit Dubhaig.
On the Alit Dubhaig the searches showing zero movement were 3, 4 and 9.
Figures 3.22(c), (d) and (j) show these searches to follow peak discharges of 3.7, 3.4 and
2.9 m3s-1 . The results for search 10 show that this represented the most limited movement
of tracers with only a 2% possible or 1% known occurrence. Figure 3.22(k) shows the
peak flow preceding this search to be 3.6 m 3 s- 1 , which is 0.1 m3 s- 1 less than that
producing no apparent activity before search 3. It must be remembered that only movement
of the tracer population is monitored and this is a very small fraction of the bed surface
material as a whole. Therefore it is possible that as the actual transport threshold is
exceeded tracer stones may not be involved. It was very likely that limited movement of
non-tracer material from unstable areas had occurred before search 3, explaining the small
discharge overlap described. The data therefore suggests a threshold in the region of 3.5
m3 s- 1 , the fact that only a maximum 2% of a tracer population of 600 had shown any
activity after a flood of 3.6 m3 s-1 suggests that this figure is very close to the true threshold
value. This assumption is supported by the results of searches 8 and 11 which show tracer
activity of 3% and 4.3% following flow peaks of 4.12 and 3.9 m 3 s- 1 respectively. The
three sub-reaches would certainly display variance in motion threshold flow values,
however these were not derived individually given the scale of differences expected and the
rather imprecise method of delimiting critical flow values to ranges about which motion will
begin.
4.4.2. EXCESS FLOW AND BED MOBILISATION.
The basic concept that floods are responsible for episodes of bedload transport is a
truism, but can the data collected support the more precise hypothesis that periods of higher
and/or longer duration flow, in excess of the transport threshold, produce increased bed
material motion compared to times of lower excess flow? This question is addressed by a
simple comparison between the hydrographic details of inter-search flow conditions given
in Figures 3.22 and 3.23 with their associated responses itemised in Tables 4.1 and 4.4.
As in section 2.4.1 the discussion is simplified by dealing with each river separately.
4.4.2.1. The Monachyle Bum.
Table 4.1. shows that the maximum movement on this river occurred prior to
search 3, and Figure 3.23(c) reveals that this search was preceded by the highest number of
discrete flows (37), exceeding a value of 2m 3s- 1 . This record includes both the maximum
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instantaneous peak discharge of the entire experimental period, (calculated from the data
provided as 21.6 m3 s- 1 although this does seem excessively large), and the longest period
of time (260.5 hours) between searches during which the flow exceeded the 2 m3s-1
minimum transport threshold (Section 4.4.1.1). If the next greatest occurrence of bed
mobility is considered it would seem that the strong positive relationship so far suggested
cannot be generalised since search 1, ranked second in terms of mean transport distance,
showed a much lower level of flood activity than many other searches, Figure 3.23(a).
However this anomaly can be explained by material developed in Section 4.5, which deals
solely with first search data. If we set aside this particular feature of the data set for now,
the next highest degree of tracer mobilisation is that recorded by search 4. The flow record
preceding this search, Figure 3.23(d), contains the second largest number of individual
flood peaks, (15 over 2 m 3s- 1 ) and shows the second longest duration of flood values over
2m3 s- 1 (about 206 hours), but, with a maximum peak value of 12.2 m 3s-1 the second
highest individual peak flow for the experimental period was not reached. This value, (18.1
m3s- 1 ), was instead recorded before search 8, Figure 3.23(g), which produced the next
ranked level of tracer mobility, and is thought to be ranked below search 4 because the
duration of flows greater than 2 cumecs was limited to just over 30 hours and there were
only 7 separate flow peaks over the threshold. These results suggest that the discharge
variables of duration over a critical motion threshold, as well as the peak discharge values,
are the primary controls on the amount of bed mobilisation observed.
Of the searches still not accounted for, numbers 7, 9 and 2 each demonstrate the
effects of decreasing peak flows with 12.5, 6.5 and 4.82 m3 s- 1 respectively and
corresponding decreases in tracer activity to 29.5%, 23% and 12%. Unfortunately a proper
correlation of the flow durations prior to these three searches and associated mobilisation
statistics is not feasible because of the missing data within the flow record for a period of
16 days prior to search 9.
To summarise the relationship between flow and tracer transport within the
Monachyle Burn a set of two graphs is presented. These plot % tracer activity, as the y-
axis, against an x-axis interse arch discharge statistic, derived from the product of the peak
discharge value (measured in cumecs) and the duration of flow exceeding the critical
threshold for motion (measured in hours). The first chart, Figure 4.5, is plotted using data
from all searches, the second uses only the searches which are known to provide largely
error free activity data. Data not employed for the second graph therefore included that from
the first search (Section 4.5), searches made while the detector malfunctioned, the final
search and those during which all tracers remained inactive. Figure 4.6 is subsequently
based solely on data from searches 2, 3 and 4.
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Figure 4.5. Relationship between discharge and tracer mobilisation in the Monachyle Bum
(Based on the complete data set).
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Figure 4.6. Relationship between discharge and tracer mobilisation in the Monachyle Bum
(Based on the reduced data set).
For both plots the positive relationship between discharge and tracer activity was
found to be best described by simple linear functions, which have been superimposed on
the charts. Both plots show the best fit line to share the same gradient, the revision altering
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only the y-axis intercept, which has a lower value, calculated using the reduced data set.
The R value associated with the revised data set is very good but it has to be recognised that
it is based on just 3 points.
4.4.2.2. The Alit Dubhaig.
From Table 4.9. the maximum occurrence of horizontal movement is seen to be
associated with search 1. This result is believed to be related to the initiation of the
experiment and will be set aside here but fully covered within Section 4.5. Given this
exception, the mobility of Dubhaig tracers seems to follow the pattern displayed by the
Monachyle with maximum mobility associated with the most extensive discharge events in
terms of both duration and magnitude. The 70% tracer movement detected during search 5
is assumed to be linked to the floods indicated on Figure 3.22(e).producing discharges of
up to 19.3 m3s- 1 (open to the rating error described in Section 3.3.1) and over 50 hours of
flow exceeding 3m3s- 1 (the motion threshold being determined as approximately 3.5m3s-1
in Section 4.4.2).
Unfortunately the Allt Dubhaig flow and search records are both more complex
than those for the Monachyle Bum, especially in terms of bed material reactivation during
searches, which has its greatest influence in terms of the split searches 6 and 7 (details of
which are given within Section 3.3.4). The flow events at this time, illustrated by Figures
3.22(f) and 3.22(g), had complex hydrographs but the flood of 7.3m3 s4 peak value was
probably responsible for the possible 63% activity within the small portion of sub-reach 1
which was covered before search 6 was abandoned as the river bed began to respond to
new floods (the recorded level of activity on Tables 4.4. and 4.5. for this search is lower
because the whole of the reach 1 tracer set is considered). The effects of this particular
flood were then incorporated into the statistics corresponding to search 7 for the remainder
of sub-reach 1 and the whole of sub-reaches 2 and 3. Search number 7 is third ranked in
terms of possible tracer movement.
Results from search 2 seem to pose a mystery, for the 25% activity rate is ranked
next (fourth) in the declining progression under consideration, but the flows occurring
before the search, shown on Figure 3.22(b), are extremely limited with only one, relatively
small, peak above the 3.5 m 3s- 1 transport threshold. The individual reach results tables
(Figures 4.5 - 4.7) show that the level of activity was apparently much higher in sub-reach
1 than the other two reaches, 45.5% compared with 17.5% and 11%. This disparity may
have some connection with a higher degree of instability in the top reach but is probably
also just as much a result of reactivation during the previous search, the tracer
transportation associated with which being incorporated into the search 1 results for the
downstream reaches but occurring after the search of sub-reach 1 had been completed.
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However if the lower reaches only are considered, the occurrence of horizontal movement
is still uncomfortably high with no other explanations forthcoming.
Search number 12 also highlights an apparent flaw in the relationships between
high flood activity and bed material mobility. Figure 3.22(m) lists a peak discharge of
13.3m3 s- 1 , only exceeded during the flood sequence prior to search 5, but which produced
an apparent response of only 24.4% tracer mobility, the fifth ranked possible tracer
displacement. This search was made at the time of the detector malfunction when many
tracers which may have shifted would not have been relocated because they occupied sub-
surface positions. The same problem applies to the statistics from search 11 although the
flood record at this time, which rises to a peak of just 3.9m3 s- 1 and is of limited duration
over 3m3s-1, tends to suggest that the movement figure of 4.3%, ranked seventh for both
movement divisions, would be similar to that expected.
The detector failure also puts into question the validity of the possible category
results obtained for search 13. This final search was made using a different detector which
was able to relocate buried tracer particles. If these stones had changed position since
search 10 the movement is recorded in the data set for search 13, even though some (or all)
of the movement could have occurred before one of the two previous searches. With
surface activity recorded by both searches 11 and 12, it is likely that some movement
involving burial also took place, especially during the more extensive period of tracer
movement prior to search 12. If this is the case, the 19.7% possible activity figure given
may be somewhat larger than the real value for search 13, which would probably fall nearer
the known value of 3.83%, ranked eighth instead of sixth. This lower ranking would tie in
with the hydrological record prior to the search, Figure 3.22(n) which shows only 3 peaks
over 3m3s- 1 , just one of which exceeded the 3.5m 3s- 1 threshold determined for the river.
Finally, searches 8 and 10 show the least occurrence of recorded tracer movement,
their associated flow records have already been discussed in terms of the defuntion of the
threshold discharge for motion. Search 8 shows the higher peak discharge and longer flow
duration over 3m3 s- 1 of the two searches and, in keeping with the general findings of this
section, displays a slightly more active bed response.
In keeping with the format developed for the Monachyle, summary graphical
representation of the relationship between a discharge statistic and tracer activity within the
Dubhaig is presented. Figure 4.7 is based upon data from all the searches made of the
river. For each search a discharge statistic, calculated as the product of peak intersearch
discharge (cumecs) and intersearch discharge duration over the threshold required for
motion (hours), is plotted against the % possible horizontal movement recorded. Because it
has been demonstrated that not all of the searches provide data of equal reliability, a second
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graph (Figure 4.8) was plotted using the intersearch data which was believed to be error
free.
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Figure 4.7. Relationship between discharge and tracer mobilisation in the Alit Dubhaig
(Based on the complete data set).
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Figure 4.8. Relationship between discharge and tracer mobilisation in the Alit Dubhaig
(Based on the reduced data set).
94
4. OCCURRENCE AND DISTANCE OF BEDLOAD TRANSPORT.
The searches not considered on Figure 4.8 included the first (Section 4.5), those
made while the detector was not working properly, the final search and those during which
all tracers remained stationary. Figure 8 is therefore plotted using the results from searches
2, 5, 8, 10 and also a combined result for the incomplete search 6 and the subsequent
complete search 7.
A positive linear relationship between the discharge statistic and tracer activity is
noted from Figures 4.7 and 4.8. The equations defining the relationship vary slightly in
terms of intercept and gradient between the two plots, and understandably it is the reduced
data set which demonstrates the stronger relationship between the variables.
Although the Alit Dubhaig demonstrates the same general positive relationship
between discharge and tracer activity as the Monachyle (Figures 4.5 and 4.6), the equations
defining the linear relationship illustrate marked differences in the response of the beds of
the two rivers to equivalent discharge statistic values. The best fit lines for the Allt Dubhaig
are much steeper than those for the Monachyle. At low discharge statistic values, the
Monachyle appears to have a theoretically more mobile bed than the Dubhaig, although in
reality at such discharge values very little motion is actually recorded at either site. As
discharge statistics increase above 300 it is the Dubhaig bed material which becomes the
most active. Due to the variance in gradient of the best fit relationships previously noted
between the rivers, rising discharge statistics are associated with increasingly greater levels
of tracer activity within the Dubhaig compared to the Monachyle.
4.4.3. DISCHARGE AND TRANSPORT DISTANCE.
In Section 4.4.2 it was demonstrated that a positive correspondence was found to
exist between flow activity and the occurrence of horizontal movement. In section 4.3 a
similar general relationship between the occurrence of movement and distances of transport
between searches was identified. It would seem to follow that a general relationship
between discharge and the transport distance of tracers must also exist, but that the
observed results will be complicated, and perhaps disguised, by the variations from the
patterns which have already been described. Referring to the summary data tables for both
of the rivers (Tables 4.1 and 4.2) and the flow duration data (Figures 3.22 and 3.23), it can
generally be seen that maximum discharges correspond to long associated transport
distances, and limited flood activity produces small responses in terms of displacement.
However, as expected, there are some parts of the data set which do not fit these patterns
and have to be explained, including the results of the initial searches which have yet to be
analysed (Section 4.5). Errors may enter the distance statistics after the loss of tracers from
the experiment for one or more searches. In these cases the total displacement for the whole
period since a stones previous recovery would then have to be attributed to the search
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during which they were relocated, producing the variations between known and possible
statistics, with all subsequent analysis then being based on the possible data set. It is very
likely that this problem was especially common within the Dubhaig search 13 and
Monachyle search 9 data sets which were both made after two successive surface only
searches. It should be stressed however, that the maximum distance of transport shown by
Monachyle search, the seemingly anomalous 285.0m, which ranks first within the data set,
is a real value, the tracer stone having been located during the previous search.
In a few cases, the distance of transport defined the relationship between flow and
bed activity in a seemingly more appropriate way than the % tracer movement statistic. For
example, Dubhaig search 2 which showed the unexplained 25% tracer movement statistic,
described in Section 4.4.2.2, displays limited mean and maximum distance statistics which
both seem more appropriate to the preceding, relatively inactive, flow conditions.
Where the amount of movement and distance of movement statistics show a
variance in rank it is a reminder of inherent differences in the two types of data. To register
an inclusion in the % horizontal movement category a tracer had to move just once, but the
distance of transport data can result from the summation of more than one episode of
motion. The more time the motion threshold is exceeded during an intersearch period the
greater becomes the probability of a stone becoming reentrained. In summary, if a flood
has a high magnitude but lasts for only a short time a great many tracers may be moved but
only for short distances, longer distances of transport would be more likely to be involved
when the flow events are of long duration even if lower in magnitude.
4.5. FIRST SEARCH DATA.
, Throughout this chapter the unpredictably high levels of tracer activity in relation
to flow records prior to the first search of both the Allt Dubhaig and the Monachyle Burn
have been highlighted. These anomalies had been expected and were due to the unnatural
bed surface seeding positions, these resulted in increased occurrence of motion at the
beginning of the experiment. After their first movement, tracers will occupy natural
positions and follow the normal pattern of flow and motion relationships described in the
previous sections. For the Monachyle Burn, although the occurrence of horizontal
movement is ranked second, the mean and maximum transport distances are ranked seventh
and sixth respectively. By comparison, the distances recorded during search 1 of the
Dubhaig are sizeable, with the possible statistics ranked fourth for the mean distance and
second for the maximum. However if these results are compared with the rest of the
tabulated statistics it is seen that, although the distances are large in comparison to other
searches, they appear to be much lower in value than a transport occurrence of 70% should
generate.
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An important consideration involved in the measured distances of transport should
be made at this stage, this concerns the amount of time during which the transport threshold
is exceeded. Seeding took place 64 days before search 1 of the Allt Dubhaig compared with
only 20 days before search 1 of the Monachyle. This greater time period can be assumed to
allow a greater opportunity for reactivation of bed material, increasing the distance of
individual tracer transportation. In support of this, 24 individual hydrograph peaks can be
counted before the first search of the Allt Dubhaig compared to just 4 on the record for the
Monachyle Bum.
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CHAPTER 5.
BED MATERIAL PROPERTIES AND BEDLOAD TRANSPORT.
The analysis outlined within Chapter 4 indicated that there were positive
relationships existing between mean and maximum inter-search transport distances, and
also between the occurrence of tracer activity and the two transport distance variables.
Furthermore the results suggested that once a threshold discharge and associated shear
stress had been exceeded, a general positive relationship existed between flow activity, in
terms of flood discharges and duration, and the occurrence and distance of bedload
transport. However, variations from these general relationships were noted, including
deviations from the expected patterns, and differences in behaviour between rivers or sub-
reaches. In this chapter these variations are assessed in terms of the effects of the size and
form characteristics of bed material on bedload transport processes. Section 5.1 is
concerned with sediment size, the variables of particle mass and b-axis length (in terms of
aggregate classes) are considered in analysis and discussion. In terms of clast form the
characteristics of shape and angularity are assessed in terms of their transport potential in
Section 5.2.
5.1. SEDIMENT SIZE AND TRANSPORT DISTANCE.
5.1.1. TRACER WEIGHT.
Although the size of each tracer stone was measured in terms of its three principal
axes, the use of one of these to represent the size of the stone would take no account of the
elongation or flatness of the rock. At this initial stage of the investigation it was decided to
base the representation of a tracer stone size on its weight. It was assumed that variations
between the specific density of different tracer types would be negligible, and therefore a
large weight would proportionally correspond to a large tracer. On a priori grounds, weight
is the best descriptor of size since it is independent of form.
The data from each of the rivers is analysed separately over the next two
subsections. Graphs were produced for each search of the experimental reach or sub-reach
by plotting the distances moved by individual tracers mobile since the previous search
(listed in Appendix 2) along a logarithmic x-axis, against their weight, (listed in Appendix
1) on a logarithmic y-axis.
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5.1.1.1. The Monachyle Bum.
As an example of the series of graphs produced for the Monachyle Bum the plot for
Search 3, which displayed the most extensive movement (Section 4.1.1), is given as
Figure 5.1.
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Figure 5.1. Weight versus search 3 transport distance scatter plot for the Monachyle Bum
tracer set.
All of the graphs plotting tracer mass against single search transport distances from
the Monachyle Bum data set are similar to Figure 5.1 in that they show a high degree of
scatter. The quasi-random positions of the data points indicate that tracers of equivalent
weights seem to travel distances which vary considerably. Further exploration of the data to
ascertain whether there was any evidence of a relationship between the two variables was
undertaken by combining the individual search data for the river onto one graph to assess
whether the total tracer transport distances recorded over the full nine searches showed any
directional variation with weight. On this composite graph (Figure 5.2) the y-axis (tracer
weight) remains the same as on Figure 5.1, but the x-axis has been altered so that it
represents the total distances transported over the course of the entire experiment. This
second graph shows comparable scatter to that in Figure 5.1. On the basis of the evidence
presented so far, it would seem acceptable to conclude that within the Monachyle Burn no
correlation exists between individual tracer weight and transport distances.
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Figure 5.2. Weight versus total transport distance scatter plot for the Monachyle Bum
tracer set.
5.1.1.2. The Alit Dubhaig.
For the Alit Dubhaig both reach and sub-reach scale graphs of an equivalent format
to those produced for the Monachyle were plotted. A small selection of these graphs is
reproduced in this Sub-section. Figure 5.3. shows a scatter plot of sub-reach 1 tracer
movement distances prior to search 5, which is associated with the maximum inter-search
activity recorded during the course of the experiment (Section 3.1.2).
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Figure 5.3. Weight versus search 5 transport distance scatter plot for the Alit Dubhaig
sub-reach 1 tracer set.
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This graph shows a largely random scatter of points, demonstrating that minimal
correlation between weight and transport distance exists for this particular search within
sub-reach 1.
The plot chosen for inclusion from sub-reach 2 was specially selected to
demonstrate that the sample size, which is a measure of the degree of bed material
mobilisation, had no effect on the random scatter patterns. The data used to plot Figure 5.4
is from the recovery results of search 8, which showed only minor stone displacement
(Section 3.1.2).
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Figure 5.4. Weight versus search 8 transport distance scatter plot for the Allt Dubhaig
sub-reach 2 tracer set.
The scatter shown on Figure 5.4 is still as great as in the previously presented
charts . despite only involving six mobile tracers. No definite patterns emerge of a
relationship between a tracer's weight and transport distance, although there is the
suggestion that particles of higher mass travel shorter distances, this could however be due
to the small size of the data set.
The plot chosen to represent sub-reach three (Figure 5.5) is the compilation graph
for the tracers seeded into that length of the river, with a tracer's weight plotted against the
total distance it moved during the experimental period. Again no relationship between a
tracer's weight and its transport distance can be identified within the scatter displayed by
the graph.
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As a final summary of the analysis, a compilation graph for the whole of the
Dubhaig study reach over the complete, thirteen search, experimental period is given
(Figure 5.6). This again demonstrates a very large scatter.
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Figure 5.5. Weight versus total transport distance scatter plot for the Alit Dubhaig
sub-reach 3 tracer set.
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Figure 5.6. Weight versus total transport distance scatter plot for the complete Alit Dubhaig
tracer set.
5.1.2. TRACER SIZE CATEGORY.
In an effort to refine the tracer data, and remove much of the scatter seen on the
plots of weight against transport distance, the absolute weights of individual clasts were
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replaced with size categories. For each of these an average distance travelled by tracers over
the complete experimental period could be calculated. Section 3.5.1 reported the collection
of tracer material using a series of Wolman counts, with sorting into 1/2 phi categories
using a pebble template. Such a measurement can be regarded as approximating the size of
the b-axis. This sorting therefore offered an ideal basis for sub-dividing the tracer sets into
aggregated size categories in the ensuing analysis. Furthermore, the number of clasts
falling into each class produced standard errors for the means which were broadly
compatible.
5.1.2.1. The Monachyle Bum.
The plot of tracer size against mean transport distance for the Monachyle Bum
tracer set (Figure 5.7) shows the x-axis, which represents b-axis diameter, to be divided at
intervals which are the mm equivalents of the phi sizes represented on the clast sizing
template; (45mm=-5.5phi, 64mm=-6phi, 90mm=-6.5phi and 128mm=-7phi). Plotted
against these selected b-axis lengths are the mean transport distances over all nine searches
made of the river for the tracers with b-axes smaller in size than the label diameter but larger
than the next lower 1/2 phi category. For example, the mean distance given for the 64mm
category is based on the distances travelled by stones with b-axis of length less than 64mm
but greater than 45mm.
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Figure 5.7. Mean transport distances for the size categories represented in the Monachyle
Bum tracer set.
The open squares on the graph represent the mean tracer transport distance, the
solid diamonds to the top and bottom are set at one standard error either side of the mean,
and are thus partially dependent on the number of clasts within that category. When the
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standard error range is large, commonly when sample sizes are small, the accuracy of the
mean value becomes questionable as the amount of deviation from the mean rises. The
points have been joined, using a solid line for the mean values and dashed lines to form a
standard error envelope. This linking is not a true representation of mean transport
distances for intermediate b-axis values and is employed only to help illustrate trends.
The largest mean distance of transport for a half phi category illustrated on Figure
5.7 is 51m, this was associated with the <45mm class, the smallest tracers considered.
There follows a sharp decrease to the <64mm mean transport distance of 31m, before the
gradient of the line steadies and drops by just 2m over the final two 1/2 phi categories,
although the wide spacing of the error envelope does question the accuracy of the mean
value of transport distance plotted for the >128 mm class.
5.1.2.2. The Allt Dubhaig.
Mean transport distances and associated standard errors were calculated using the
complete Alit Dubhaig data set. The results are displayed in Figure 5.8 which can be used
to identify the dominant trends over the length of the complete Dubhaig experimental reach.
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Figure 5.8. Mean transport distances for the size categories represented in the complete Allt
Dubhaig tracer set.
Figure 5.8 includes a wider range of b-axis diameters than were considered for the
Monachyle on Figure 5.7, with the addition of -5phi (32mm) and -7.5phi (180mm)
categories. The chart displays a distinct peak for the 45mm class, with an increase from the
<32mm figure of 76m to a value of 87.5m. Subsequently, as the tracer size increases,
there is a decrease in the value of mean transport distance, with a value of 82m for the
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<64mm tracers then a steep steady decline over the next two half phi groups, giving mean
distances of transport for the <90mm and <128mm categories of 70m and 46m
respectively. There is a slight decrease in the gradient of the transport distance decline
before the <180mm category, which has a mean transport distance of 30m, although the
wide error envelope sheds some uncertainty on this mean value, which is based on the two
tracer data set from sub-reach 1 only.
Graphs of the mean transport distances for 1/2 phi tracer categories have also been
plotted for all three sub-reaches of the Allt Dubhaig. Figure 5.9 is based upon sub-reach 1
tracer data.
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Figure 5.9. Mean transport distances for the size categories represented in the Alit Dubhaig
sub-reach 1 tracer set.
- The plot shows a steady rise from a mean transport distance of 68m for the <32mm
tracers to the peak transport distance of 100m associated with the <64mm category. There
follows a steep decline in mean transport distance to 65m for the <90mm class, this trend
then continuing at a lower gradient to produce a <128mm value of 60m. After this the mean
distance of transport appears to rise again, but the extremely wide standard error range, the
statistics being based on just 2 tracers, does bring the accuracy of the 79m mean for the
<180mm group into question.
The plot for sub-reach 2 tracers (Figure 5.10) again shows an immediate increase in
the total mean distance of transport after the <32mm category. However, for this reach the
increase is not great, being of the order of 2m, and the mean statistic for the category does
have quite a substantial standard error range indicating that the values of mean transport
distances vary considerably within the twenty tracer class. The peak value of 115m occurs
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with the following <45mm category, which is a 1/2 phi class smaller than that containing
the maximum value within the sub-reach 1 tracer set. After the peak there is a relatively
stable standard error around the mean which shows a steady decline down to the 51m mean
transport distance for the <128mm b-axis category, with just a sight decrease in the
gradient of the decline between the <64mm and <90mm divisions. The <180mm category
is not represented within the data set for this sub-reach.
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Figure 5.10. Mean transport distances for the size categories represented in the Alit
Dubhaig sub-reach 2 tracer set.
Figure 5.11. Mean transport distances for size categories represented in the Alit Dubhaig
sub-reach 3 tracer set.
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The mean transport distance data for the sub-reach 3 tracer set, divided in terms of b
axis length categories, is represented graphically by Figure 5.11. It shows that the peak
mean distance of transport, 61m, is again associated with the <45mm division, as it was
for the sub-reach 2 tracers. The peak is not very pronounced, with the values for the
preceding <32mm and the following <64mm categories both being 50m. After the <64mm
category the mean distance of transport remains stable and stays at the same value for the
<90mm category, but then falls to 25m for the <128mm division which is the largest
represented in this sample. The width of the standard error envelope suggests that the mean
transport distance values are all reliable. The errors are smaller because of an equalisation
of the category sizes, and the smaller range of total transport distances associated with
tracers in this sub-reach.
5.1.3. Clast size and transport distance.
The graphical evidence presented within the two previous sections indicates that
there is no discernible relationship between absolute values of bed material size, (in this
work represented by tracer mass), and transport distances within a naturally sorted river
bed. A selection of graphs, all of which show a largely random scatter, have been
presented, these covering two separate rivers and a complete range of bedload transport
conditions; extensive movement (Figure 5.1), moderate movement (Figure 5.3) and very
limited movement (Figure 5.4). The use of composite graphs which plot the total distances
transported over the entire experimental period (Figures 5.2, 5.5. and 5.6) illustrate that the
situations represented by the individual search graphs selected for inclusion within this
chapter are not unusual cases.
After material was classified into categories based upon 1/2 phi classes a general
relationship began to emerge from the data for both experimental sites, which involves an
optimum class of grain size associated with the longest mean distance travelled over the
entire experimental period. On both the plots for the Alit Dubhaig (whole reach graph,
Figure 5.8) and the Monachyle Burn (Figure 5.7) the peak occurs with the -5.5 phi
(<45mm) category. The Dubhaig graph shows this to be an increase from the mean
distance of transport travelled by tracers within the -5 phi (<32mm) category.
Unfortunately, because of the tracer production difficulties with small tracers outlined in
Section 3.5.1, the Monachyle tracer set did not include any measured within the -5 phi
category. From the -5.5 phi category onwards both rivers show patterns of declining mean
transport distances with increased particle diameter, but of the two, it is the Dubhaig which
displays a much steeper decline of values away from the peak.
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It is believed that the observed results relate at least partly to the effects of hiding
factors, protrusion, grain pivoting angles and equal mobility of different grain sizes, which
were summarised in section 2.1.2. In the Dubhaig the smallest stones considered do not
move greater or even equal distances to other categories of particle, although according to a
Shields (1936) type criterion they should be more mobile, after being entrained at lower
shear stresses. The reason for these stones' apparent inactivity is the mix of bed material
size, with smaller particles becoming trapped in the interstitial pocket spaces between more
abundant larger grains which, due to their geometry, hide the particle from the effect of
flow forces, (Einstein, 1950; Fenton and Abbott, 1977), and form obstacles which increase
the angle through which grains have to pivot to move over and out of position (Li and
Komar, 1987, also Komar and Li, 1986). These trapped particles will typically come into
motion when the critical shear stress required to entrain the obstacle is exceeded. It is
proposed that had there been tracers belonging to an equivalent size class within the
Monachyle a similar pattern would have been observed, unfortunately there is no way to
confirm this at present. The larger particles of the bed size distribution become limited in
the distances they travel because, as predicted by Shields type relationships, they take a
greater tractive force to initiate and keep in motion. This leaves the medium, or more
accurately the median-sized bed material to travel larger distances. Further supporting
evidence for this explanation of observed patterns can be derived from the individual
Dubhaig sub-reach graphs. These show a shift in the size category displaying peak mean
transport distance from the -6 phi in sub-reach 1 down to the -5.5 phi category in the
remaining two sub-reaches. This is a reflection of the decreasing bed material size between
the reaches, which was described within Section 3.3.1.
Where there are only small variations between the mean transport distances of
different tracer size fractions the data could be taken as representing conditions of equal
mobility between these sizes (Parker et al., 1982, Andrews and Parker, 1982). A lack of
variation occurs between some categories on most graphs but there are always others
seemingly more or less mobile than the average. The most pronounced equal mobility,
expressed in these terms, is observed when the Allt Dubhaig is considered at the sub-reach
scale. The differences in mean distance travelled by categories are observed to even out
downstream. This is believed to be due to the increase in the degree of sorting noted with
progression downstream, (Section 3.3.1), which reduces the presence of extreme size
differences from the bed material, limiting the bed roughness and reducing the effectiveness
of interstitial trapping sites. The findings of Ashworth and Ferguson (1989), which were
based partly upon field study at the Alit Dubhaig, also showed some degree of selective
transport to occur at the site. In terms of painted tracer evidence a similar decrease in mean
transport distance for larger tracers to that recorded during this study was noted. Such
findings were supported by the progressive increase of median bed load diameter observed
as a result of Helley Smith sampling under conditions of increasing shear stress.
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The two streams, and the sub-reaches of the Dubhaig, show variations in grain size
distribution (Sections 3.3.1 and 3.3.2), recorded transport distances and levels of bed
activity (Sections 4.1.1 and 4.1.2). In the case of variations along the Dubhaig long profile
it is known that the pattern of downstream fining is driven by the competence of flow
events, which decrease downstream under the influence of the reported changes in slope
(Ferguson and Ashworth 1991, refer to section 3.3.1). The variations in transport patterns
do not seem to be a result of this change in bed material size. For instance sub-reach 2 is
the most active portion of the river under investigation rather than sub-reach 3, which is the
furthest downstream and hence has a finer grain size distribution and decreased surface
roughness due to greater sorting. Downstream material would therefore theoretically be
more easily entrained than the material in the upper sub-reaches. Grain size may however
be partly responsible for the contrasts in transport patterns between the Dubhaig and the
Monachyle. The D50 of the particles was larger on the Monachyle, 75mm compared to
60mm for Dubhaig sub-reach 1, which means that higher shear stresses will be required to
cause motion of the majority of the bed. If general motion occurs at a later stage on the
rising hydrograph the incidence and duration of motion will be limited, lowering the values
of both transport variables. Bed stability here is thought to be accentuated further by the
presence of very large, obviously immobile, boulders which are envisaged to act as "key
stones" for the bed, from which structural stability can build out over the bed surface.
To conclude this section, a reminder is needed that it was a very refined version of a
data set which displayed a discernible relationship between individual clast size and
transport distance. This indicates that if the generalised size-distance dependencies
described do operate they are very effectively masked by other factors of more importance
in the determination of the occurrence and magnitude of bedload transport, which for the
most part result in the equal mobility of bed material of different sizes.
5.2. SEDIMENT FORM AND TRANSPORT DISTANCE.
5.2.1. SHAPE.
The four Zingg grain shape categories into which the tracers were sorted are
described in Section 3.2.3. The category into which each tracer falls is listed in Appendix
1. Summaries of river or sub-reach scale bed material shape characteristics, based upon the
properties of the tracer sets, are to be found in Sections 3.3.1 and 3.3.2.
Zingg categories are listed along the X-axis of the figures presented in this sub-
section and against these are plotted y-axis values of mean transport distance for the
population of each over the complete experimental period. The mean value itself is plotted
as an open square, and each of these has a set of associated error bars set at a value of one
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standard error. These bars allow an assessment of the accuracy of each mean value and also
give an indication of the amount of overlap between the mean distances travelled by
individual stones within contrasting shape categories. Where the graphical analysis
produces apparent differences in the behaviour of shape categories a Mann-Whitney test
was employed to statistically test the significance of such observations.
5.2.1.1. The Monachyle Burn.
ZINGG SHAPE CATEGORY
Figure 5.12. Monachyle Burn mean transport distances and associated standard errors for
Zingg shape categories.
According to Figure 5.12, it would seem that the shape categories within the
Monachyle Burn can be split into two classes based upon mean transport distance. The
first, apparently more mobile group contains the prolate and equant stones, both categories
having travelled similar mean distances over the course of the project, 50m for prolates,
and 52m for the equants. The equant standard error is totally enclosed within that of the
prolate category. Bladed and tabular clasts form a separate class with lower distances of
mean transport, 32m and 29m respectively, and the tabular standard error enclosed within
that of the bladed category. There is no overlap at all between the standard error limits for
the two identified classes. When formally tested for significance by calculation of the
Mann-Whitney U statistic, with conversion to a Z statistic because of the large test sample,
the difference between the two groups identified was found to be significant at a level of
0.05.
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5.2.1.2. The Allt Dubhaig.
Figure 5.13 shows the grain shape and transport distance data plotted for the whole
Allt Dubhaig study reach.
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Figure 5.13. Alit Dubhaig mean transport distances and associated standard errors for
Zingg shape categories.
As observed with the Monachyle Burn data, there is an apparent division into two
groups of tracers. The class which travels longer distances and shares almost equal
standard error ranges includes equant and prolate tracers, with associated mean transport
distances of 83m and 85m respectively. The bladed and tabular stones, which have
corresponding mean transport distances of 65m and 73m, make up the second class of
stones. These travel shorter distances, and show the tabular standard error to be almost
totally- enclosed within that of the bladed. There is also, however, some degree of standard
error overlap between the two classes identified, the reason for which is evident if the data
sets are compared after division into separate sub-reach components (Figures 5.14, 5.15
and 5.16). Comparison of the three sub-reach plots shows only sub-reach 2 to follow the
pattern previously described. Figure 5.15 shows equant and prolate clasts forming a more
mobile subgroup of the whole tracer population, with respective mean transport distances
of 112m and 118m and almost total enclosure of the equant error range by the prolate error
bars. There is also some overlap between the standard error of the bladed tracers and those
for the equant and prolate categories. The bladed mean, 87m, falls into the second group
together with the tabular clasts, which display a mean transport distance of 79m. Despite
the small standard error overlap noted, when tested with a Mann-Whitney U test, converted
to a Z statistic, the two classes were found to be statistically different to a 0.05 significance
level.
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Figure 5.14. Allt Dubhaig sub-reach 1 mean transport distances and associated standard
errors for Zingg shape categories.
BLADED	 EQUANT	 PROLATE	 TABULAR
1
ZINGG SHAPE CATEGORY
Figure 5.15. Alit Dubhaig sub-reach 2 mean transport distances and associated standard
errors for Zingg shape categories.
The graphs for the other two sub-reaches (Figures 5.14. and 5.16) share a common
appearance, with equant, prolate and tabular tracers showing almost equal mobility in terms
of mean transport distances, these being about 84m for sub-reach 1 and 55m for sub-reach
3. In both sub-reaches the stones belonging to the bladed category move distinctly shorter
average distances. Sub-reach 1 bladed tracers showed an average transport distance of
71m, with some error bar overlap with all the other categories. This suggests no real
statistical difference between the behaviour of all four Zingg categories, an assumption
backed up by the calculated Z statistics. Within the sub-reach 3 tracer set bladed tracers
show no error overlap whatsoever, the class falling into a distinct category centred around a
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mean overall transport distance of 35.5m. This was found to represent a statistically
significant subset of the tracer population to a significance level of 0.05 after statistical
testing.
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Figure 5.16. Allt Dubhaig sub-reach 3 mean transport distances and associated standard
errors for Zingg shape categories.
5.2.2. ANGULARITY.
In this section the Powers' angularity categories, discussed in Section 3.2.3 and
within the individual river descriptions (Sections 3.3.1 and 3.3.2), are compared in terms
of their associated mean distances of transport.
5.2.2.1, The Monachyle Bum.
The categories of the Powers' angularity scale are listed along the x-axis of Figure 5.17,
and are plotted against the mean distance of transport for the members of each class over
the duration of the experiment. For this particular tracer set there were no tracers belonging
to either very- category. Figure 5.17 shows that the stones belonging to the sub-angular
and sub-rounded divisions travelled similar mean distances of approximately 37m over the
course of the nine searches. Over the same time period angular stones moved the greatest
average distance of 43.5m, while the rounded stones moved the shortest mean distance,
amounting to just 22m. The error bars, set at one standard error, show a complete overlap
of the sub-angular and sub-rounded ranges, and considerable overlap of these with the
angular category. The rounded population forms a distinctly separate population, having no
standard error overlap with the other categories. Mann-Whitney statistical testing revealed
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the transport distances associated with the rounded population to be significantly different
to those for the remainder of the tracer set.
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Figure 5.17. Monachyle Burn mean transport distances and associated standard errors for
Powers' angularity categories.
5.2.2.2. The Allt Dubhaig.
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Figure 5.18. Alit Dubhaig mean transport distances and associated standard errors for
Powers' angularity categories.
Figure 5.18 plots angularity category against mean transport distance for the entire
Alit Dubhaig tracer population. The chart shows two rather extreme mean transport distance
values associated with the very- categories. The very angular clasts move the longest
distances, although being represented by only three tracers, the result is open to great
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variation. The graph does show, however, that even with the substantial error bars
included there is no overlap with other classes. Very rounded stones showed movement
over very small distances. Again the number of these stones in this category is very small,
there being only two in the whole tracer set, but as before there is no standard error range
overlap with the other categories. The other tracers show two sets of roughly equal mean
distances, one for sub- stones of about 80m, and the other for the remaining categories at
60m. Despite the apparent two-fold division within these four categories the error bars
show total overlap of the small ranged sub- tracers by the more extensive error ranges of
the angular and rounded stones.
When the Dubhaig experimental reach is divided into the component sub-reaches
the patterns for each are seen to be very different. The only common factor linking the three
is the observation that the solitary very-angular tracers within each sub-reach constantly
gavel the furthest mean distance over the experimental period.
I
 VERY-
ROUNDED
POWERS ANGULARITY CATEGORY
Figure 5.19. Alit Dubhaig sub-reach 1 mean transport distances and associated standard
errors for Powers' angularity categories.
Figure 5.19, the graph for sub-reach 1, shows sub angular, sub rounded and
rounded tracers to display similar mean transport distances to one another at just over 80m,
with the roughly equivalent error bars for both of the sub- categories enclosed within the
rounded range. The angular clasts move a mean distance of just over 50m and display only
a small error overlap with the rounded tracer division. The shortest recorded mean transport
distance, just under 20m, was recorded for the very-rounded category, which displayed no
error range overlap with any other group.
Figure 5.20, which is a plot for the sub-reach 2 tracer set, shows what amounts to
equal mobility in terms of distance transported for all but the very angular tracers. The
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means and ranges of angular, sub-angular and rounded stones all fall within the standard
error range of the rounded category, and mean distances of transport fall within an 1 lm
range between 88m and 99m. Very rounded tracers were not present in the 200 stone set.
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Figure 5.20. Alit Dubhaig sub-reach 2 mean transport distances and associated standard
errors for Powers' angularity categories.
The appearance of the graph for sub-reach 3 tracers (Figure 5.21) shows a similar
pattern to the plot for the complete Alit Dubhaig data set (Figure 5.18). The two sub-
divisions are apparently more mobile than the angular and rounded tracer categories, both
having associated mean transport distances of 50m compared with 40m and 35m
respectively. There is only a slight overlap between the angular error bars and those for the
sub- categories. Again the longest transport distance was associated with the very angular
tracer stone, and there were no very rounded stones within the tracer set.
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Figure 5.21. Alit Dubhaig sub-reach 3 mean transport distances and associated standard
errors for Powers' angularity categories.
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No statistical testing for differences in the mean transport distances of individual
angularity categories was felt necessary, due to the clear indication from graphical
representation that there was either no significant difference between them or that the values
were based on very small samples.
5.2.3. CLAST FORM AND TRANSPORT DISTANCE RELATIONSHIPS.
5.2.3.1. Clast shape and transport distance.
No previous field based studies of bedload transport have yet identified consistent
relationships between bed material shape and transport processes at a reach scale. Chapter 2
details the experimental work of Li and Komar (1986) and Komar and Li (1986), who
suggested that ellipsoidal stones tended to form a more stable bed than spheres. The results
presented within this section suggest that there is also some shape selective component of
bedload transport under natural conditions.
The most common division identified during the shape/transport distance analysis
(Monachyle Bum and Alit Dubhaig sub-reach 2) was into two classes. The first class was
made up of equant and prolate clasts, which moved greater distances than the second group
which contained stones belonging to bladed and tabular Zingg categories. Where this
division of the tracer sets was not found to exist (sub-reaches 1 and 3 of the Dubhaig) the
tabular stones had become as mobile as prolate and equant, leaving the bladed category as
the least mobile.
The common factor shared by bladed and tabular stones is that they have a degree
of flattening. This could be responsible for limiting transport distances, either because they
are more difficult to entrain, or because once in motion they move more slowly or can be
more easily trapped than less flattened shapes. The specific reasons for inactivity include
the increased probability of imbrication and clustering for flatter stones, bed conditions
which have been demonstrated by Church (1979), Brayshaw (1985) and Reid et al. (1990)
to increase particle stability and hence raise the threshold values required for motion. Also,
if a flattened clast were to come to rest unimbricated or unclustered, but orientated with it's
c-axis perpendicular to the bed, only a small surface area relative to the size of the stone
would present itself to the horizontal flow force components. This would make the stone
stable to higher values of shear, more especially when the other axes are large.
Furthermore, Li and Komar (1986) described how clasts with relatively small c-axes are
more difficult to entrain because of the very large pivot angle required to roll the stone out
of position, causing them to normally slide instead. Once in sliding motion, it can be
envisaged that these particles would be more easily trapped by larger immobile stones due
to their inability to pivot over them. In this way the immobile stones become obstacle clasts
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for imbrication and/or clustering, stabilising the halted stones and bringing the discussion
around full circle. Therefore it is envisaged that both selective entrainment and deposition
are intertwined in the processes which produce the observed differences in mean transport
distances for different shaped tracers.
The differences in the activity of different shape categories of bed material when
considered in conjunction with the bed surface make up of the experimental reaches may
explain some of the contrasts observed between the summary tracer transport statistics
presented in Chapter 4. Table 4.1 reports much shorter transport distances for tracers
seeded into the Monachyle Bum than were recorded within the Alit Dubhaig on Table 4.4.
If the relative proportions of each shape present are assessed, (Figures 3.7, 3.11, 3.15 and
3.20), it is seen that the Dubhaig sub-reaches show a variable mix of the four categories,
but with the mobile categories always dominant due to the relative scarcity of bladed
material. In comparison, the bed of the Monachyle Bum is very much dominated by
material falling into the relatively immobile tabular class, with almost equal amounts of the
other shapes, including bladed, represented in the samples analysed. It is proposed that the
shape composition of the Monachyle bed material, with its higher proportion of less mobile
material, is at least partly responsible for the shorter transport distances recorded in
comparison to the AlIt Dubhaig, whose bed surface includes a greater proportion of
material belonging to the more mobile shape categories.
As with 5.1.2 this section of the chapter ends with a reminder that the results under
discussion are from an analysis which uses rather aggregated sub-divisions of the full data
set. As a suggestion for future research, sedimentary characteristics should be combined,
for example, by dividing the tracer set in terms of size followed then by sub-division of
these groups based on shape classification. For the data set collected during this project
such an approach would result in some very small or even non-existent classes. If the
proposal of Church and Hassan (1990), that larger tracer sets should be employed for a
greater degree of accuracy were implemented, the further sub-categorisation of the tracer
sets would become feasible.
5.2.3.2. Clast angularity and transport distance.
The analysis considered in Section 5.2.2 demonstrates a lack of consistency
between the behaviour of tracers belonging to equivalent Powers' categories, both between
the two rivers and between the sub-reaches of the Dubhaig. On each of the graphs
presented, most categories displayed a substantial overlap of standard error ranges. The
only statistically significant relationship which was found to exist demonstrated that within
the Monachyle Bum the rounded proportion of the tracer set displayed shorter transport
distances. For the AlIt Dubhaig no statistical evidence is presented, but the complete reach
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graph (Figure 5.18) shows that the tracers belonging to very- divisions were the only ones
not to show an almost complete standard error overlap. The very rounded stones form a
separate group which are less mobile than the general tracer population. However, as these
stones were only present within one sub-reach tracer set the validity of the results is
suspect. The very angular stones within each sub-reach of the Dubhaig consistently show
the longest transport distances recorded. These results would seem to be in direct
contradiction with the findings of Li and Komar (1986) which showed in flume tests that
angular clasts were more stable, tending to form a tightly packed bed surface. However, on
closer consideration the two situations are seen to be very different. As with the majority of
laboratory based work the Li and Komar (1986) experiments involved simplification of the
natural condition. In this case the experiment made use of a uniform mix of angular material
which, being in juxtaposition, could interlock well, constraining the initiation of transport
and probably promoting trapping of material once in motion. In natural conditions, such as
found in the Dubhaig, the bed is made up of a mixture of angularity categories, as
described in Chapter 3. Under these conditions very angular stones would be less likely to
come to rest in stable positions, due to their irregular shapes having to fit in the bed
structure with the material of different angularity. Another likely cause of the movement
patterns described for the very- tracers becomes apparent when the other characteristics of
the small numbers involved are investigated. In the Alit Dubhaig tracer set the two very
rounded stones belonged to the tabular shape category, which was demonstrated, in
Section 5.2.1, to be one of the more immobile Zingg shape divisions. Two of the very
angular tracers were equant and the third a prolate, and these categories were seen to be the
most mobile shape groups from the evidence presented previously. In the case of the small
number of rounded stones in the Monachyle Burn tracer set, which travelled statistically
shorter distances than the other three Powers' categories represented, seven belonged to the
more immobile shape categories while just three belonged to the more mobile. These
considerations again emphasise the importance of the conjunction of sedimentary properties
in this kind of study in the future, a suggestion made at the end of Sub-section 5.2.3.1.
The other angularity categories show very different patterns of mobility between the
rivers and even to sub-reach scale on the Dubhaig, the only useful broad generalisation
which can be made being that the sub- classes are consistently part of the more mobile bed
material fraction. The variations between the reach and sub-reach graphs bear little relation
to the changes between rivers and sub-reaches noted in Chapter 3, where variations in the
absolute proportions of the Powers' classes were identified but the general pattern of a
dominant population of sub-rounded and sub-angular stones remained constant.
The ideas considered do pose the question as to why one sedimentary form
characteristic, namely shape, seems to have a direct influence on the distance of transport,
when another, angularity, does not. It can perhaps be envisaged that a hierarchy of form
119
5. BED MATERIAL PROPERTIES AND BEDLOAD TRANSPORT.
characteristics exists, of which shape is a primary characteristic and angularity is a
secondary factor imposed upon the shape of a particle, which as such gives it less influence
over the stone's transportation.
It is still felt that the angularity of bed material is an important control on bed load
transport processes but, rather than individual clast characteristics, it is the overall
angularity of the bed surface material which is important. The more angular composition of
the bed of the Monachyle Bum compared to the Allt Dubhaig (Sections 3.3.2 and 3.3.2) is
believed to be one of the factors responsible for the more limited occurrence and distances
of transport recorded for the Monachyle, compared to the Dubhaig. The interlocking,
tightly packed nature of the material (Li and Komar, 1986 and Church, 1985) giving the
bed increased structural strength (Figure 2.1).
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CHAPTER 6.
BED MORPHOLOGY AND BEDLOAD TRANSPORT.
Thus far the analyses of bedload transport processes have been based upon flow
conditions, or divisions of the tracer sets made in terms of clast characteristics. The final
two analytical chapters will consider conditions imposed upon the tracer stones by the
physical characteristics of the river, this chapter specifically dealing with local bed
morphology. The reach scale river maps included in Chapter 3 (Figures. 3.5, 3.9 and 3.13
for the Dubhaig, Figure 3.18 for the Monachyle) show the distribution of morphological
units bar, riffle, pool and undifferentiated channel in the study reaches. That chapter also
outlined the percentage of each morphology within individual reaches or sub-reaches
(Tables 3.1, 3.3, 3.5 and 3.7).
Results of analyses will be presented first in Sections 6.1, 6.2 and 6.3, followed by
discussion and interpretation of these findings in section 6.4. Section 6.5 briefly considers
the effects of bed micromorphological control on bedload transport.
6.1. EXCHANGE BETWEEN MORPHOLOGICAL UNITS. 
The figures in this Section take the form of exchange diagrams showing the
percentage of tracers moving between different morphological units during the periods
between the searches made of each river.
Each figure is labelled on the far left with a series of five row headings referring to
the four morphological units, plus an extra category of lost tracers for which no accurate
evaluation of morphological position was possible. Before the first column of results a
single box represents the complete tracer population seeded into the river or sub-reach.
Between seeding and the first search the tracers are shown to have been distributed into
positions on or within either bar, riffle, pool or undifferentiated channel. At this stage in the
experiment the clasts may have moved or could still occupy their original seeding positions.
The percentages relocated in each morphological unit are shown in the series of single
boxes within the column labelled "first search". After this initial redistribution the paths
between morphological units that tracers could take before the next search became rather
more complex, with an opportunity for a stone to move from its previously occupied site to
a position within an area of any one of the four morphological units, or to be lost. On the
morphological exchange diagrams boxes for each unit reflect the increased complexity, in
that divisions are made which allow a consideration of the origin of the material.
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Figure 6.1. Key to tracer population boxes on morphological exchange diagrams.
Figure 6.1 is a key to the structure of the boxes used to report the number of tracers
located in each morphological unit, from search 2 onwards, in the morphological exchange
diagrams. It shows a set of five small boxes on the left which link with a single large right
hand box. The single box represents the total percentage of tracers belonging to each unit,
in the same way as the search 1 boxes. The smaller boxes represent a component
breakdown of the total tracer percentage in terms of position during the previous search.
The topmost box represents material which was previously located in bar positions, then
continuing down the column the individual boxes contain the percentages of material
derived from riffle, undifferentiated and pool channel with lost material in the bottom row.
Lines interconnect boxes, and these are also coded to aid identification of the source of
material (Figure 6.2).
There are a set of factors which have to be considered whilst examining the
morphological exchange diagrams. Firstly, the percentage of particles which belong to the
same morphological unit as during the previous search may represent a mix of tracers
remaining stationary, moving to a different position on the same morphological feature, or
moving into positions on different downstream features of the same unit. The second
122
6. BED MORPHOLOGY AND BEDLOAD TRANSPORT.
observation is a reminder that the results represent periods of time during which several
floods will have occurred, not just a single flood.
Material from bar positions.
Material from riffle positions.
Material from undifferentiated positions.
Material from pool positions.
Material from lost positions.
Figure 6.2. Line Key for morphological exchange diagrams.
6.1.1. THE MONACHYLE BURN.
The first morphological exchange diagram presented (Figure 6.3), was produced
using results gathered from the Monachyle Burn tracer set. The initial movements recorded
by search 1 show the vast majority of particles to occupy undifferentiated bed positions, the
high percentage of movement reported before this search (Table 4.1) indicates that the
majority of tracers were not stationary between emplacement and the first search and must
hold new bed positions. Of the 20 stones which were not relocated within the
undifferentiated channel, all but one had moved onto bars. There were no lost stones or any
recovered in pools.
Search 2 still shows no particles relocated in pools but does show that stones were
becoming lost. The other morphological units show only a minor shifting, with the
majority of totals representing apparent movement from positions within the same unit
type. In reality the 12% movement statistic given in Table 4.1 indicates that the vast
majority of these stones occupied the same positions as during the previous search.
The movement occurring prior to search 3 was demonstrated in Chapter 4 to be the
most extensive recorded. This resulted in rises in the lost population, almost certainly due
to an increased incidence of burial (Chapter 7), and in the bar and riffle populations, with
declines recorded in the proportion of undifferentiated tracers. If the source population of
each total percentage is considered, it is observed that bars and riffles had not retained a
high level of their previous population, the vast majority of material coming from other
morphological units, although no one pathway seems dominant.
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Search 4 displays major increases in the bar and lost populations, a slight loss from
riffle positions and a major loss from the undifferentiated bed, although this category still
accounted for just under 50% of the entire tracer population, thereby remaining the most
represented morphological unit.
Table 4.1 indicates that no horizontal transport occurred immediately prior to search
5. However, the recovery of three previously lost tracers caused slight changes in the
apparent distribution of stones, details of which are recorded on Figure 6.3. Search 6 was
preceded by total inactivity and is not represented upon the exchange diagram.
Search 7 shows less than the half of the previously lost tracers remaining lost, but
the malfunctioning of the detector brought the total back up to almost the same level as in
searches 5 and 6. Otherwise there is little change, the bar and riffle totals show a slight
increase, and the undifferentiated channel a small loss. In each case a very large proportion
of the total is made up from stones occupying positions within the same kind of bed
morphology as during the previous search.
Search 8 was the first to involve relocation of a small proportion of tracers within a
pool. Other statistics remained quite constant relative to their search 7 values, but with
active exchange occurring between all of the morphological units, although the greatest
source for each was again a location within the same morphological unit.
The final search was the first since number 6 to be made with a non-malfunctioning
detector, and therefore showed a massive decrease in the number of lost stones. Resultant
increases in the population of the other categories were limited to bar and riffle, with the
two remaining totals relatively constant to their search 8 values. The major rises hide the
fact that the bar and riffle populations had remained stable, with large percentages of the
previous search totals remaining in these units. This final search therefore shows only
limited levels of exchange.
6.1.2. THE ALLT DUBHAIG.
Figure 6.4 is the summary morphological exchange diagram for the full Allt
Dubhaig 600 stone tracer set. The tracers were not all seeded into equivalent morphological
zones, but no account is paid to emplacement morphology in the analysis of results. By the
time of the first search there had been extensive redistribution into all of the bed
morphology categories. Just under 50% of the tracers were located in undifferentiated
positions. The next most populated tracer category was the lost, the bar population
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6. BED MORPHOLOGY AND BEDLOAD TRANSPORT.
followed with the third highest percentage, followed by the riffle and finally the pool.
Search 2 sees active exchange taking place, but the dominant trend is for the majority of
particles to be found occupying positions within the same bed morphology as previously
recorded. Given the occurrence of movement noted on Table 4.4 some tracers would
certainly be occupying exactly the same bed position. In terms of absolute values, bar and
riffle populations show an increase, pool populations remain constant, and the number of
tracers occupying positions in undifferentiated lengths of channel decreases.
Searches 3 and 4 of the Dubhaig show zero movement occurring (Table 4.4), these
searches are therefore not represented in Figure 6.4. This period of inactivity has been
demonstrated within Chapter 4 to end with the most extensive redistribution of material
monitored over the experiment. The results for search 5 show bar and riffle to have
increased populations, with the largest source of material being that previously located
within the undifferentiated channel, although all possible paths are represented.
Search 6 only involved the recovery of part of the reach 1 tracer set, so instead of a
complete representation only total boxes are shown. The only bed type to increase its share
of the population by more than 1% before this search was the bar division, the other
morphologies either displayed very small increases in population, (pools and riffles ), or
decreases, (undifferentiated or lost).
Search 7 was made after a period of known tracer inactivity and is not represented.
A change in overall tracer distribution pattern was then revealed by search 8, which shows
the undifferentiated channel population to be more extensive than the bar total once again,
both of these morphologies increasing their representation. A very small increase in the
pool percentage is also noted while the riffle population fell by a small percentage.
[Table 4.4 shows the period before search 9 to be another of low flow and bedload
inactivity, therefore the search is not included on the morphological exchange diagram.
Search 10 also represents the effects of a rather inactive flow regime, there is very little
exchange taking place although, apart from the bar total, each morphological unit does
display some minor change in population. These changes are all very small, with the core
value of the total for each morphological unit being derived from a very high percentage of
the previous total for that morphology.
The next two searches, 11 and 12 were made while the detector was
malfunctioning. This resulted in the lost category becoming predominant, with the other
totals all showing losses and being regarded as much less accurate. For search 11 the
results that were gathered indicated that the bar total had again become much more
important than the undifferentiated channel. The following search, number 12, then shows
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a decrease in the amount of tracers occupying bar and pool positions, and a small rise in the
frequency of stones occupying undifferentiated channel positions, while the riffle total
remained stable. The levels of exchange between categories had become active once again,
although the percentages of material derived from different morphological types were low.
With the use of a fully operational detector during the final search, the lost tracer
total is half that of the previous search, resulting in increases of tracer proportions
recovered within all of the actual morphological classes. By the time of this search the bar
total ranks first, followed, in descending order of populations, by the undifferentiated
channel, riffle and finally pools.
On a more localised scale general trends follow the pattern of the summary (Figure
6.4), but there are some variations in detail between each sub-reach. Figures 6.5, 6.6 and
6.7, are summary morphological exchange diagrams for the 200 stones seeded into each
sub-reach.
The data presented as Figure 6.5 indicates that within sub-reach 1 the populations
of bar and undifferentiated morphological units are normally more equal than those for the
entire experimental reach, also that the riffle bed seems to play a more important role,
accounting for a greater percentage of tracers than the bar after search 5. Pool totals tend to
be lower than on the summary diagram. Typically sub-reach 1 showed less apparent
exchange taking place between the different morphological units during equivalent inter-
search periods, than recorded for the experimental reach as a whole.
Within sub-reach 2 (refer to Figure 6.6) the undifferentiated channel holds more of
the 200 tracers than any of the other morphological units until search 11, a longer period of
time than demonstrated in the summary diagram and on other individual sub-reach
breakdowns of the data set. Given this consideration, the changes noted in Figure 6.6 are
similar to those given in the summary, apart from the notable absence of any data from
search 6, which had been abandoned before sub-reach 2 was reached.
An increased role for bars within sub-reach 3 is highlighted in Figure 6.7. This is
evident from the very start of the study when the first search bar total was observed to be
over 10% higher than for the tracer set as a whole. The bars hold a greater and more stable
population than any other category from search 5 onwards, one search earlier than in the
summary diagram. After this search there is very little variation in any of the populations
reported, apart from search 12 data, which was collected while the detector was
malfunctioning. Otherwise the lack of variation within this downstream sub-reach
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6. BED MORPHOLOGY AND BEDLOAD TRANSPORT.
is almost certainly another indication of a generally lower activity rate, suggesting increased
bed stability. This is also highlighted by the greater number of zeros within the source
boxes for each population and the larger percentages of the total population for each
morphology derived from the tracers belonging to the same category during the preceding
search which, in part, is believed to be a reflection of decreased incidence of movement and
shorter transport distances.
6.2. BED MORPHOLOGY AND CLAST STABILITY.
The next stage of the analysis involved an attempt to evaluate whether tracers
occupying similar morphological positions behaved similarly in terms of recorded bedload
transport observations. The first variable to be tested this way was the subsequent
occurrence of tracer movement, which is assumed to be representative of the bed stability
between searches.
The first stage of the analysis involved tracer stones from each river being sub-
divided on the basis of the morphological unit to which they belonged after each search,
based on the listings presented in Appendix 3. The percentages of tracers within each group
which remained stationary during an inter-search period known from Chapter 4 to involve
some degree of tracer mobility were then determined and plotted as bar charts.
6.2.1. THE MONACHYLE BURN.
Figure 6.8. Monachyle Bum tracer stability based on morphological position.
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Figure 6.8 shows that for the Monachyle there was no fully consistent relationship
between tracer bed position and degree of mobility. The most common situation was
displayed by searches 2, 4, and 7, and showed the riffle to be the most stable bed
morphological unit, with the undifferentiated bed being ranked next and bar the most
unstable. The exceptions included search 8, which saw bar tracers becoming the second
most stable, and search 9, for which they became the most stable. Because pool recovery
was not recorded until search 8, only search 9 results include a stability percentage for
tracers belonging to this unit. The compete stability ranking for the final search decreases
from the bar total, through undifferentiated and riffle channel, to the pool unit which
showed the least tracer stability.
The individual search tracer stability figures have been used to calculate an overall
average stability percentage for each of the morphological units, the values of these are
given on Table 6.1.
MORPHOLOGICAL UNIT % TRACER STABILITY
BAR 56.6
RIFFLE 62.1
UNDIFFERENTIATED 59.5
POOL 33.3
Table 6.1. Monachyle Bum mean tracer stability percentages based on morphological
position.
The relative column heights for the individual searches on Figure 6.8 are an
indication of the general level of bed material activity during an intersearch period, ranging
between the relatively high stability for each morphology before search 2, and the very low
level of stability recorded by search 3, when only a small number of riffle tracers remained
stationary. If results from searches 5 and 6 were included they would indicate 100%
stability for the three morphological units represented at the time.
6.2.2. THE ALLT DUBHAIG.
Data for the whole Allt Dubhaig experimental reach is recorded in Figure 6.9. The
values of stability are represented by the height of the columns and these show variation
between the relative levels of activity displayed by the different morphological units within
an individual search data set. The patterns observed are markedly different to those
identified for the Monachyle Burn. For each search, apart from number 8, the most stable
morphological units appear to be the bars, typically followed in descending order by riffle,
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undifferentiated channel and finally pool. There are some exceptions to this pattern, most
notably search number 8 for which the pool showed the greatest stability, and also searches
7, 10 and 12 which show the undifferentiated bed to be more stable than the riffle.
2	 5	 7	 8	 10
	
11
	
12
	
13
SEARCH
• BAR	 • UNDIFFERENTIATED
• RIFFLE ra POOL
Figure 6.9. Alit Dubhaig tracer stability based on morphological position.
Overall stability percentages have been calculated for each of the morphological
units and are listed in Table 6.2.
,
Table 6.2. Allt Dubhaig mean tracer stability percentages based on morphological position.
A breakdown of the Dubhaig data set has been produced to assess bed stability
within each of the three sub-reaches.
MORPHOLOGICAL UNIT % TRACER STABILITY
BAR 75.9
,	 RIFFLE 60.3
UNDIFFERENTIATED 57.4
POOL 41.8
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Figure 6.10. Alit Dubhaig sub-reach 1 tracer stability based on morphological position.
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Figure 6.11. Allt Dubhaig sub-reach 2 tracer stability based on morphological position.
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E2 RIFFLE • POOL
Figure 6.12. Allt Dubhaig sub-reach 3 tracer stability based on morphological position.
The chart for sub-reach 1 (Figure 6.10) shows none of the searches to follow the
exact pattern identified from the summary chart for the whole reach (Figure 6.9). The most
common order of morphological stability in this upstream sub-leach remains bar, followed
by undifferentiated, but then a variation between searches involving either pool or riffle
morphology displaying the greatest instability. Overall mean stability percentages for the
morphological units over the entire experimental period are given in Table 6.3.
MORPHOLOGICAL UNIT % TRACER STABILITY
BAR 77.1
RIFFLE 47.0
UNDIFFERENTIATED 54.7
POOL 48.9
Table 6.3. Allt Dubhaig sub-reach 1 mean tracer stability percentages based on
morphological position.
The sub-reach 2 chart (Figure 6.11) shows the general pattern described for the
whole reach to be followed. Bar material constitutes the most stable tracer subset, apart
from during search 12 which was made while the detector was malfunctioning thereby
adding some uncertainty to the results obtained. The second ranking morphological unit in
terms of stability was found to vary between undifferentiated and riffle. Pool morphology
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represented the zones of lowest tracer stability levels. These rank positions are reflected in
the mean stability statistics for each morphological unit (Table 6.4).
MORPHOLOGICAL UNIT % TRACER STABILITY
BAR 65.7
RIFFLE 58.3
UNDIFFERENTIATED 58.3
POOL 45.4
Table 6.4. Allt Dubhaig sub-reach 2 mean tracer stability percentages based on
morphological position.
For sub-reach 3 a similar pattern to that identified for sub-reach 2 was observed,
bar tracers remained the most stable, Figure 6.12 showing a greater percentage of bar
material remaining stationary for all searches except number 2. Pool positions provided to
be the least stable, except prior to search 2. For riffle and undifferentiated channel there
was again inconsistency between results for individual searches, but the most common
pattern was that riffles provided the more stable position, an observation supported by the
average stability percentages for the sub-reach presented in Table 6.5.
MORPHOLOGICAL UNIT % TRACER STABILITY
BAR 80.7
RIFFLE 69.2
UNDIFFERENTIATED 64.2
POOL 60.6
Table 6.5. Allt Dubhaig sub-reach 3 mean tracer stability percentages based on
morphological position.
6.3. BED MORPHOLOGY AND TRANSPORT DISTANCES.
In this section the effects of a bed particle's morphological position are considered
in terms of the distance travelled by entrained particles. This was analysed by calculating
the mean inter-search transport distances travelled by tracer stones belonging to each
morphological unit prior to and after motion. Statistics were produced for each individual
search of a river or sub-reach. However, given complications arising from the range of
flows between searches and the very small groups involved in some categories when the
data set was sub-divided, a mean inter-search transport distance for the whole experiment
was also calculated for each morphological unit. The search scale analysis, on which the
graphs are based, involved selective one tailed statistical testing of the data to a 0.05
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6. BED MORPHOLOGY AND BEDLOAD TRANSPORT.
significance level by calculation of Mann-Whitney U statistics with conversion to a Z
statistic when a sample size exceeded 20. This test was employed to determine whether two
sets of transport distance statistics could have belonged to the same population (the null
hypothesis) or if they are significantly different (the test hypothesis). Since Mann-Whitney
tests are based upon the differences between median values of two samples, and the graphs
reproduced in the following sub-sections are based around mean values, it is possible that
when a relationship appears to be present upon the graphs it will not be found to be
significant after statistical testing. Such discrepancies are most likely where the mean value
is based upon very small sample sizes, for instance, when dealing with searches for which
only low levels of mobility were reported in Chapter 4.
6.3.1. POSITION PRIOR TO MOVEMENT.
The graphs reproduced in this section plot mean transport distances travelled during
an inter-search period for clasts moving off from each of the four classes of bed
morphology. Therefore the distances associated with a search are analysed in relation to the
morphological positions held at the time of the previous search.
6.3.1.1. The Monachyle Burn.
BAR
	
RIFFLE UNDIFERENTIATED POOL
BED MORPHOLOGY
Figure 6.13. Mean transport distances associated with the morphological position of
Monachyle Burn tracers prior to movement.
Figure 6.13 displays the mean transport distances associated with the four bed
morphology units recorded over the 6 searches which involved tracer mobility within the
Monachyle. A mean distance moved by tracer stones belonging to each of the bed
morphology units has also been calculated and plotted, these points have been joined by a
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single line to show an average trend for the river. The most mobile category appears to be
tracers moving off bars, which are associated with the largest mean distances of transport
for three of the searches, numbers 2, 7 and 9, and is ranked second for all the others. This
bar data set does include the abnormally long transport distance of tracer number 93 during
search 9 (Section 4.1.1.), which helps to explain the very high experimental mean value
calculated despite the limited number of searches for which this unit actually displayed
longer transport distances. The riffle and undifferentiated channel bed appear to be almost
equal in their respective overall mean distances of transport, the totals being within 2m of
each other, with the undifferentiated channel showing the slightly higher of the two values.
In terms of individual searches, the undifferentiated category accounts for the highest total
distances travelled before searches 3 and 4. Prior to search 7 it was the stones which had
last been located on riffles that showed the greatest transport distances. The pool
morphology was represented only in the results collected during search 8 and was then, as
in the summary, ranked forth in terms of associated transport distance.
Because of the general variance shown by the results and the lack of any consistent
relationships between morphology and transport distance it was decided not to test for
significant differences between all the bed morphologies. Instead mobile tracer sets were
divided into tracers occupying bar and non-bar positions at the time of the previous search
and these two classes were tested for statistical independence. On the basis of Figure 6.13
it was felt that of all the classes it was only the bar tracers which could possibly form a
statistically significant group, travelling greater distances than the rest of the population.
However, given the variable nature of the relationship between burial and transport distance
it was not unexpected that no significant difference at the 0.05 level would be revealed
between the two categories. The results therefore indicate that there is no relationship
between a tracer's morphological position and the subsequent transport distances recorded
within the Monachyle Burn.
6.3.1.2. The Allt Dubhaig.
The basic pattern of Figure 6.14 is very different to the equivalent chart for the
Monachyle Burn (Figure 6.13), primarily in that the bar appears to be very obviously
associated with the shortest mean transport distances calculated, on average 6.9m per
search. The other three categories show much higher transport distances, all contained
within a narrow 2m range of values, from 15m to 17m. When the individual search results
plotted were considered, each one showed the smallest mean transport distances to be
associated with the material which had been previously located on bars, with the exception
of search 10 when no bar movement was recorded, and search 13. At this less refined scale
the other morphological units showed extensive variation in their relative rank based on
transport distance values.
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Figure 6.14. Mean transport distances associated with the morphological position of Alit
Dubhaig tracers prior to movement.
It was again considered to be a useful exercise to split the data into statistics for
each of the three Dubhaig sub-reaches to check for any downstream variation in the
trends observed.
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Figure 6.15. Mean transport distances associated with the morphological position of Alit
Dubhaig sub-reach 1 tracers prior to movement.
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Figure 6.16. Mean transport distances associated with the morphological position of Alit
Dubhaig sub-reach 2 tracers prior to movement.
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Figure 6.17. Mean transport distances associated with the morphological position of Alit
Dubhaig sub-reach 3 tracers prior to movement.
20
10
The three graphs show a clear equalisation of overall mean transport distance values
associated with movement from the different morphological units, as progression is made
downstream. Figure 6.15 which concerns aggregate data for all the searches of sub-reach
1, shows a range of almost 13m between the mean overall transport distance for bar
material, of 4.5m, and that of undifferentiated bed material, which was the least mobile of
the remaining three morphological types, all of which fall into a range between 17.5m and
23.1m. For sub-reach 2, Figure 6.16 shows all the morphological categories falling within
a mean transport distance range of 8.5m, from 13m to 22.5m. Further downstream the
sub-reach 3 tracers (Figure 6.17) show a range of just 4m enclosing all four of the mean
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transport distances, with a minimum of 13.3m for bar tracers, and a maximum mean
transport distance of 17.7m for pool material.
Because of the relatively constant patterns revealed by the graphs in terms of the
decreased mean mobility associated with bar particles, it was considered useful to test
whether the distances travelled by tracers starting off from bar positions were actually
statistically different from non-bar tracer transport distances. Unfortunately many searches
could not be tested using the Mann-Whitney test, due to the very small numbers of mobile
bar tracers that were located during two successive searches. For sub-reach 1, only data
collected from searches 2, 5 and 12 allowed calculation of U and Z statistics. Of these
results the tests revealed that the bar tracer subset formed a separate and less mobile
population at the 0.05 significance level for movement recorded during searches 5 and 12.
For sub-reach 2, results from searches 5, 7 and 12 could be tested and from these 5 and 12
revealed that bar tracers formed a statistically different population, with shorter transport
distances. As a result of the increased recovery rates associated with sub-reach 3, four of
the sets of individual search statistics, those for 5, 7, 11 and 12, could be tested. None of
these sets of results showed a significant difference to a 0.05 level, supporting the
observation made of Figure 6.17 that the mean transport distances of tracers from each of
the classes had equalised.
6.3.2. POSITION AFTER MOVEMENT.
It was considered that the distance a clast had travelled may also be partly
determined by the morphology of the bed at the site of deposition, a form of selective
trapping. The graphs within this sub-section were produced using transport distance and
morphological position data from single searches, therefore the mean transport distances
plotted on the y-axis are those associated with the movement into the positions listed along
the x-axis at the end of an inter-search period. Mean transport distances for each
morphological unit over individual searches are plotted as individual points, while means
calculated using data from all searches are plotted and linked to produce a summary trend
for the reach or sub-reach.
6.3.2.1. The Monachyle Bum.
The individual searches of the Monachyle Burn (Figure 6.18) show no consistent
association between transport distance and resting position. All of the morphological units
display the largest transport distances for at least one search and then hold various rank
positions for the others. The average trend is therefore of limited applicability. It shows a
17m range and indicates that the longest average distance of transport is associated with
material moving into pool positions (although this is based upon data from search 8 only).
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The next largest overall mean distance was associated with material moving onto bar
positions, which showed the longest associated distances for four of the seven searches.
Undifferentiated and riffle mean summary distances were separated by just 2m, with the
undifferentiated positions showing the smallest average transport distances for the greatest
number of searches. The wide variance in the results themselves suggest that there is no
significant relationship between bed morphology and the distance of transport, without the
need for statistical testing.
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Figure 6.18. Mean transport distances associated with the morphological position of
Monachyle Burn tracers after movement.
6.3.2.2. The Alit Dubhaig.
Figure 6.19 shows a wide variance within the transport distances noted for tracers
moving to positions in each of the morphological units. Each morphological unit is
associated with the longest transport distances for at least one search, but also associated
with the shortest mean transport distance for at least one other search. The summary plot
for the whole experiment suggests that the longest mean transport distance is associated
with pool tracers, which travelled the longest mean distances in 4 of the 10 individual
searches represented. This is followed in order of descending mean transport . distance by
riffle, bar and, associated with the shortest distances, undifferentiated channel, but the
actual range of mean values involved is less than 6 m.
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Figure 6.19. Mean transport distances associated with the morphological position of Alit
Dubhaig tracers after movement.
At individual sub-reach scales the situation is not clarified. Each sub-reach chart
(Figures 6.20, 6.21 and 6.22) shows a different summary pattern and different rankings of
morphological types at the search scale. In terms of summary patterns for each sub-reach,
the pool is associated with the longest distances on each, while the other units hold variable
rankings. For example, bar positions were associated with the smallest summary mean
transport distances within reach 1, the second shortest in sub-reach 3 and the second
longest in sub-reach 2.
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Figure 6.20. Mean transport distances associated with the morphological position of Allt
Dubhaig sub-reach 1 tracers after movement.
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Figure 6.21. Mean transport distances associated with the morphological position of Alit
Dubhaig sub-reach 2 tracers after movement.
MEAN TRANSPORT DISTANCE (m)
80
0
O SEARCH 1
• • SEARCH 2
O SEARCH 5
* SEARCH 7
0 A SEARCH 10
▪ SEARCH 11
• SEARCH 12
X SEARCH 13
• 
+ MEAN
5
BAR
	
RIFFLE UNDIFFERENTIATED POOL
BED MORPHOLOGY
Figure 6.22. Mean transport distances associated with the morphological position of Alit
Dubhaig sub-reach 3 tracers after movement.
The extensive differences shown between the graphs and within each of the graphs
is enough to suggest that no significant relationships existed between a tracers
morphological position and the distance that it moved before coming to rest in that position.
Therefore no statistical tests were considered necessary to consider this null hypothesis.
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6.4. MORPHOLOGICAL POSITION AND BEDLOAD TRANSPORT
RELATIONSHIPS.
The analysis outlined within this chapter suggests that the position of a particle will
in part influence some of its transport characteristics. The same processes are believed to be
operating at both sites, with the morphological contrasts between the sites being
responsible for noted variations in tracer behaviour.
6.3.1. HORIZONTAL EXCHANGE DISTRIBUTIONS.
The morphological exchange diagrams once again highlighted the fundamental
nature of the relationship between flow and bed activity. After large flows the exchange is
substantial with all possible pathways between morphological units represented. By
contrast, only minor changes in relative populations of each morphological unit occurred,
via a limited number of routes, if the hydrographs (Figures 3.22 and 3.23) had shown only
minor flow activity. Apart from after the most active periods of bed material transport it
was found that the most common source area for a particular bed morphology was typically
that same bed type. For different tracers this could indicate either no change in position,
small movements within the same morphological feature, or longer movements to a
different feature of the same morphology.
When considering the relative abundance of tracers relocated within the different
morphological units the variations between the two rivers are not difficult to interpret given
the descriptions of the rivers made in Chapter 2. In the case of the Monachyle Burn the
large number of tracers relocated within the undifferentiated channel is merely a reflection
of the dominance of this morphological type in terms of bed area (Table 3.4). The bar
typically shows the next highest abundance of located tracers and also ranks second in area.
Table 3.4 did however indicate the pool area within the river channel to be slightly more
extensive than the riffle total. This is not immediately borne out in the results presented
earlier in this chapter, where the riffle was shown to account for a greater number of tracer
recoveries than the pool. The reason for this discrepancy can be explained with reference to
Section 3.3.5, in which it was explained how tracers were believed to become lost. A great
deal of lost tracers are assumed to be buried within pool areas, and not located due to the
difficulty of searching such zones. This limits the totals recorded in pool positions;
therefore a lower percentage of the true pool population is recovered in comparison to the
riffle population, located more efficiently given the shallow water depths.
Reported results for the Allt Dubhaig differ from those collected from the
Monachyle site, but the theoretical reasoning behind the pattern remains the same. In
section 3.1.1 the bar was shown to be the most common bed morphological unit over the
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entire reach, and the results presented in this chapter indicate that the bar is the site with the
highest proportions of tracer relocation. The other morphological units varied in the
proportion of tracers relocated on them. Undifferentiated and riffle relocation is seen to be
either second or third ranked after individual searches. This is something of an unexpected
result given the dominance of the area of riffle over that of undifferentiated channel in all
but the third sub-reach. Pool recovery totals are again low, this is in part due to the
supposed increase in the lost population within this group as already described, but also
reflects the forth ranlcing of the pool category in terms of bed area, shown by all three sub-
reaches.
The results suggest that no morphological unit is associated with an increased
efficiency in terms of removing material from transport.
6.4.2. STORAGE AND TRANSPORT.
The two major drawbacks associated with the morphological exchange diagrams
were their inability to identify the proportion of those tracers relocated in areas of the same
morphology between successive searches which had remained in exactly the same position,
and the lack of transport distance details for the mobile tracer subset. The graphs
concerning bed stability and transport distances presented in sections 6.2. and 6.3. help to
alleviate this lack of information. The two sets of graphs show the rivers to be acting in
very different manners, seen especially in terms of the tracers which occupied bar positions
prior to motion, which were the most stable subclass on the Dubhaig but the most mobile
on the Monachyle. Despite this discrepancy between the sites it is the bars which
demonstrate the most consistent results at each river, the other distinct morphological units,
pool and riffle, showing greater variance in terms of relative bed stability and associated
transport distance between searches.
In terms of distances travelled by tracers moving into different morphological
positions, Sub-section 6.3.2.2 showed no obvious relationships to exist. For the remainder
of this discussion reference to transport distances associated with the different
morphological units will involve position prior to a movement unless stated to the contrary.
6.4.2.1 Pool and riffle morphology.
An attempt to unravel the trends shown by riffle and pool bed is made particularly
difficult given the compilation of flow events occurring between searches. Chapter 2
includes references to Keller's (1971) velocity reversal hypothesis and work by Ashworth
(1987) who identified the process within the Alit Dubhaig itself. Following this hypothesis,
the relative stability of tracers in positions within pool and riffle morphological units would
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be controlled by the hydrographs of the floods between searches. At lower flows, shear
stresses acting on the riffle bed exceed that within pools. As the river stage rises, the
velocity, and hence shear stresses, within the pool sections increase at a faster rate than
those over the riffles. At a critical stage value, the shear stresses acting on the pool floor
become greater than those on the riffle, this threshold being determined at approximately 3
m3 s- 1
 within sub-reach 2 of the Dubhaig (Ashworth 1987), but obviously occurring at a
different discharge within the Monachyle Bum study reach. When floods which only
modestly exceed the motion threshold occur, it would be expected that stones moving from
riffle positions would be the most mobile. However, such a response is always hidden
within the data set by larger events within the same set of inter-search flows, producing an
entrainment response in the pools. Since surface tracers make up the majority of the
recorded pool populations (due to the increased chances of loss associated with pool
burial), the recorded pool movement percentage is high, often higher than the riffle total,
even though movement off the riffle would have begun earlier and could have been more
extensive. A single episode of pool movement registers on the bed stability graphs (Figures
6.8 to 6.12) in exactly the same way as multiple movement episodes for riffle clasts.
Within the Monachyle Burn the riffle particles, as well as appearing to be the more
unstable, travel a longer distance after entrainment (Figure 6.13). However, there are
problems in evaluating this, not least that the number of pool observations is so small that
one suspects the validity of the mean transport distance figures calculated. Furthermore,
statistical tests revealed no differences in the distances travelled by particles moving from
different morphological positions. In the case of the Dubhaig, the figure plotting the mean
transport distances for the different morphological positions shows all but the bar tracer
distances concentrated at similar values, suggesting there is no difference in the transport
distances travelled by non-bar material. A major complication with the data in the form it
was collected is that after the first episode of transport between searches a tracer could
come to rest occupying any of the four main morphological positions. Therefore, at the
time of the next potentially mobilising flow within a set of inter-search flows, an individual
tracer could occupy a different morphological position to its current classification. This in
theory changes tracer movement potential, and destroys any evidence of transport distance
relationships within the collected data set, had they actually existed. Only the use of radio
transmitter pebbles (Ergenzinger et al. 1989 or Emmett et al., 1990) would allow full
tracking of a tracer and enable an appraisal of its morphological position at every pause or
break in motion.
6.3.3.2. Bar Morphology.
If the tracer sets are simply divided into those clasts occupying bar positions and
those occupying any other channel positions, (riffle, pool or undifferentiated), a stark
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contrast in tracer behaviour between rivers becomes apparent. This has already been
alluded to within the introduction to this discussion.
The bed stability plot for the Monachyle Burn (Figure 6.8) typically shows the bar
to be the least stable bed morphology, and the transport distance analyses indicate that there
is often a greater mean transport distance associated with the material moving from bar
positions, although statistical analysis shows no significant difference between transport
distance values for the bar and the other tracer categories. This is the exact opposite of the
situation within the Alit Dubhaig, where the bars form the most stable bed morphology,
and are associated with statistically significant shorter distances of transport than non-bar
material. Again, downstream variations within the Alit Dubhaig study reach have been
identified and are themselves believed to be a reflection of the same factors that cause the
difference between the two rivers, predominantly a function of relative bar height compared
with the elevation of the rest of the bed surface.
Because the whole of the Monachyle channel system is well enclosed within the
river's high banks, all Monachyle bar tops, these having only a small vertical development
above the thalweg, were observed to be deeply submerged before bankfull discharge levels
were reached. As well as accounting for the general lack of vegetation on the bar tops this
goes some way in explaining how the material located on bars can be at least equally mobile
as the rest of the bed material The observed increased incidence of transport displayed by
bar material could be due to a lack of lower flow stabilising effects, including infiltration
of fines, as described by Reid et al. (1985), and the tightening of bed imbrication by
continually flowing water, as well as the hydraulic effects of a step in the river bed causing
instability.
The basic pattern shown by the Alit Dubhaig of increased bed stability for bar
located tracers can be explained by the existence of much higher bars. These are not over
topped by water even during periods while some portions of the river are overbank.
Tracers deposited in high bar positions during major flow events, such as search 5 of the
Dubhaig, will have no chance to move until the next equally high flow,. at which time there
is still a chance of the stone remaining stationary given the effects of different
sedimentological, packing or burial conditions. Tracers deposited on bars of a more
moderate relief would have an increased chance of being brought into motion as the number
of flows over topping the bar increases. Put into its most basic terms, the lower a bar in
relation to the rest of the channel bed surface, the greater the probability of re-entrainment
for a particle deposited on that bar. Significant limitations on the distances travelled by bar
tracers between searches are linked with the duration of bar submergence, and the time
required for particles located on bars to be topped by a sufficient depth of water to enable
entrainment. During such a period, stones in the active channel may well have moved a
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number of steps already. If a tracer's route takes it over bar a limit is also theoretically
placed on the cessation of transport, as the bars will be the first areas to pass the threshold
for motion to cease, while in the main channel transport can still continue. The results of
the analysis of transport distances associated with movement ending in different
morphological units do not help to justify this assumption, as they show no trend for
tracers moving onto bars to display truncated transport distances. However, this analysis
took no account of the starting positions of tracers. A study which considers both the start
and finish positions for individual mobile tracers would be most illuminating.
Unfortunately, for such a study larger tracer sets than those considered here, would have to
be employed if the analysis were to be statistically viable. A sub-division of the tracer set
used in this study based on entrainment and deposition positions would result in some very
small data sub-sets.
These results explain how bars can become increasingly stable elements within the
channel and very effective short term sediment stores. They are, however, subject to
striping, reformation and migration during major floods. The three Allt Dubhaig sub-
reaches all showed bar particles to be more stable and travel significantly shorter distances
than non-bar material, the difference between the two categories being especially marked
within sub-reach 1. Sub-reach 2 is characterised by a lessened degree of bar material
stability, although the values of mean transport distance are still significantly shorter for bar
tracers than for non bar. Sub-reach 3 showed bar material did not travel significantly
shorter distances of transport than the rest of the tracer population, although bar tracers did
still appear to be the most stable. The observed pattern of change downstream can be
explained by the range of different bar types present within the channel and the general
decline in width/depth ratio, which both act to increase the incidence of bar submergence
with progression downstream The sub-reach maps and descriptions in Chapter 3 indicated
that, Sub-reach 1 bars, such as the gravels associated with the vegetated bar and its
distributary or the bar systems between pin cross-sections 4 and 5 (Figure 3.5), are all
relatively high bars, as indicated by the steps cut in them during bar migration and the
vegetation components within each unit. Sub-reach 2 bars are also high and include areas
not submerged during the most extensive flooding. The small bars of Sub-reach 3 were all
observed to be overtopped regularly, while the largest bar in this sub-reach, the classic
point bar, which did have some high stable areas, was dissected by the distributary system
shown on Figure 13, which, as well as being the site of maximum bar tracer recovery
within the downstream reach, divided the unit at times of moderate flow creating a threefold
transport system. Movement occurred in the main channel base to mid-flow, then with
rising stage the distributary channels became active and became the preferential route for
transport across the bar. At very high stages isolated movement of the clasts located on
higher bar positions can begin. Figure 6.23 identifies the bar areas associated with tracer
150
6. BED MORPHOLOGY AND BEDLOAD TRANSPORT.
storage within the Alit Dubhaig and attempts a simple classification of these zones into
short or long term storage sites.
Further evidence of the importance of the role of bars in temporary sediment storage
within the Allt Dubhaig comes from within Chapter 4, where histograms showing the total
transport distances of tracers within the Dubhaig and the Monachyle Bum were presented.
Figure 4.1 deals with the Monachyle Burn, for which it has been reported that bars play a
very small role in bed material storage. The graph shows a decrease, almost exponential in
appearance, in the number of tracers moving increasingly further from the seeding zones.
In comparison, the histograms for the Alit Dubhaig sub-reaches show a similar general
trend to be interrupted by distinct rises in the concentration of recovered tracers at a range
of distances downstream from the seeding positions. When the distances between the tracer
concentrations are examined in relation to Figure 6.23 it is found that each of the distance
classes showing particular tracer accumulations can be linked to bar systems displaying
storage potential. Considering sub-reach 1 (Figures 4.2 and 6.23a), the concentration of
tracers which occurs at 30 to 40m downstream from seeding corresponds with the position
of the gravels which surround the vegetated bar between cross-sections 1 and 3. The next
concentration of recovered stones at just over 100m would place tracers on the high bar
systems upstream of cross-section 4. The final peak on the graph believed to be significant
occurs at a distance of just greater than 150m, which corresponds with the gravels/shifting
channel system downstream of cross-section 5.
Turning to sub-reach 2 (Figures 4.3 and Figure 6.23b), the peak on the histogram
which occurs at approximately 70m from the seeding zone corresponds to the gravel bar
just beyond the first bend at pin cross-section 7, while the smaller peak at around 100m is
set at a distance from the seeding site equivalent to the large bar on the left hand side of the
channel, a small distance downstream of cross-section 8. The large peak seen on the
histogram occurring between 150 and 200m coincides with the relatively low point bar
between cross-sections 10 and 11, which was a large but generally very transient storage
site. The histogram for sub-reach 3 (Figure 4.4) shows just one large concentration which,
on reference to the sub-reach map (Figure 6.23c), corresponds to the large point bar which
dominates the sub-reach. The large bars of sub-reaches 2 and 3 showed a lessened degree
of tracer retention in the same position but, given the shorter amount of time for transport to
occur, movement across the bar occurred at a slow rate, and their tracer populations
remained high. The decreased distances of tracer transport described in Chapter 4 for sub-
reach 3 may reflect the reduction of transport distances by the temporary storage of the
tracers on the extensive point bar as well as the previously reported decrease in the river's
competence to transport material as the slope decreased downstream. The trajectory of bed
material in motion is believed to involve a greater amount of over bar transport in
meandering reaches, not just due to chute distributary channels cutting across point bars,
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but also due to the development of secondary circulation cells as the channel bends. The
development of such secondary circulation cells was outlined in Section 2.1.3. These
currents push material in the main channel up onto the point bar as it moves downstream,
increasing the likelihood of over-bar transport. Many tracers were recovered on the point
bar slopes, this is thought to represent a sorting mechanism based upon the competence of
secondary currents to drive mobile bed material up onto the bar. In this way the large clasts
are deposited at the growing bar head, and smaller clasts pass straight on to the bar top,
perhaps leading to the initial development of the sediment size variation over a typical bar
identified by Ashworth and Ferguson (1986) and Bluck (1987).
Although seemingly not responsible for actually trapping more material out of
transport than the other bed morphological units, the variations between the heights of
individual bars and portions of the same bar unit are in part responsible for both the
temporary storage of bed material and the distances travelled once particles have started to
move. However, other processes already considered involving flow and sediment
characteristics, and the yet to be assessed effects of particle burial, will act with the
processes outlined in this chapter to create actual transport patterns observed.
The findings of this project indicate that the role of bars as sites of temporary
bedload storage is worthy of further investigation. Any future work should include, as a
priority, detailed topographical surveying of bar tops to determine elevation in an attempt to
quantify the relationships between bar height and entrainment probability. If another tracer
study is involved, the previous observation that larger tracers sets need to be employed is
reinforced here by the small size of some of the categories when the tracer sets employed in
this study were subdivided. It would also be useful to determine the effects of individual
flow events to see at what discharge/stage values the tracer material in temporary storage is
released. Given the recommendation of substantially larger tracer set sizes, more effective
searching would require more manpower in the field or a similar but longer term study to
be set up under climatic conditions where flood flows were less common events than they
are in the Scottish Highlands.
6.5. EFFECTS OF BED MICROMORPHOLOGY. 
Surface tracers were occasionally relocated as components of imbricated pebble
cluster bed forms and were noted as such at the time because of the recognised importance
of these features. Authors including Dal Cin (1968), Brayshaw et al. (1983), Brayshaw
(1985) and Reid et al. (1990) have reported on the increased structural stability of these
features in comparison to unclustered surface clasts. Unfortunately, given the number of
tracers involved in clustering, which was never more than 3% of each tracer set but often
much less, and the cumulative nature of the flow events between searches, an appraisal of
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these structures in relation to bed stability in the Allt Dubhaig and Monachyle Bum was not
possible. Isolated observations showed the tracers involved in clustering moved only after
moderate to high flows, never being mobilised during flows of lesser strength.
Unfortunately, in terms of comparison, a number of nearby unclustered stones would also
show no movement until the same series of floods. Greater numbers of tracer stones and
an element of continuous monitoring of movement during separate flow events, probably
involving radio tracing, would be required for a full analysis.
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CHAPTER 7.
VERTICAL EXCHANGE PROCESSES.
This final analytical chapter, the second to consider the role of individual clast
positions in determining transport patterns, deals with the processes of burial and exposure
of bed material. As in previous chapters the first half (Sections 7.1, 7.2, 7.3, 7.4 and 7.5)
presents the principal results while interpretation and discussion follow later (Sections 7.6,
7.7 and 7.8). Full results pertaining to vertical exchange processes are included in
Appendix A4.
7.1. MEASUREMENT OF VERTICAL EXCHANGE.
Figures, similar in nature to the morphological exchange diagrams presented in the
previous chapter, have been produced to illustrate the vertical component of bedload
transport processes occurring between the surface and sub-surface layers for individual
searches of reaches or sub-reaches. These diagrams list the three burial states into which a
tracer might fall on its relocation, these being top, within and buried, terms which were
defined in Section 3.5.3. The top and within tracers may be grouped into a single category
termed surface, using this terminology the buried category becomes sub-surface. In
contrast to the morphological exchange diagrams a separate category for lost tracers is not
required, as all tracers not recovered are assumed to hold sub-surface positions. Tracer
stones holding surface positions would have been readily located due to their colour.
The vertical exchange diagrams all start on the extreme left with the full tracer
population seeded onto the top of the bed. By the time of the first search the tracers had
been distributed to occupy positions within all three burial state categories, the actual
percentages belonging to each of these are given in the three boxes under the column
heading "Search 1". The upper box contains the top percentage, the middle box the within
percentage and the bottom box the buried percentage. After this initial redistribution
exchange may take place between all three of the categories, to reflect this the boxes for
each burial state within individual search columns are divided into two parts from search 2
onwards. On the left there are three cells providing details of the previous burial states of
tracers which now occupy the particular burial state under consideration. The upper cell
indicates the percentage of the tracer set which were classified in the top category during the
previous search, the middle cell notes the percentage of tracers previously holding within
positions, and the bottom cell of each set contains the percentage of tracers which
previously held buried positions. These three figures are summed to derive the total
percentage of the tracer population occupying a particular burial state, this figure being
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entered in the large single cell to the right. Only searches during which changes in the
vertical distribution of tracers were observed are included on the diagrams. The figures are
based on a modification of the format used by Schick et al. (1987a) which is illustrated by
an example in Section 2.1.4 (Figure 2.3). This considered just two classes, "surface" and
"buried", but isolated detailed sub-populations in such a way that, for example, by the third
search there were individual boxes for newly buried particles, those buried since the first
search and another for sub-surface particles which had been buried during the previous
search but were at the surface during the first. This approach therefore involved a
progression which increased the number of boxes for each search, two for the first search,
4 for the next and 8 for the third. If such an approach were followed for the data collected
at the Dubhaig and Monachyle after the full set of 9 or 13 searches the diagrams would be
confusingly large, and most individual sub-populations would contain very few members.
The diagrams presented within this chapter are limited in two ways. Firstly, the
exchange percentages do not indicate how much movement occurred within the populations
classified into the same category for successive searches. A proportion of these could have
been immobile, while others moved into new positions. Secondly, the diagrams do not
indicate whether there had been any horizontal component associated with vertical
redistribution. It was noted in the field on numerous occasions that a tracer remaining
stationary in relation to a set of triangulation pegs could change burial state.
7.1.1. THE MONACHYLE BURN.
The vertical exchange diagram for the Monachyle Burn (Figure 7.1) shows that
very little particle exchange had taken place prior to the first search, with only 1 tracer stone
being relocated in a sub-surface position. Exchanges taking place between searches 1 and
2 show similarly restricted values, with 4 tracers buried but no counter movement towards
the surface. A major change in the pattern of vertical exchange is seen in the results from
search 3, with a movement of 44 stones from surface positions and 3 stones moving out of
buried positions and coming to the surface. Despite this change the three bed divisions are
still ranked as previously, with top holding the largest proportion of tracers and buried the
smallest fraction of the population.
The results for search 4 show the buried total to remain reasonably constant, with
the 30 tracers remaining from the previous search joined by another 17 from the surface, a
majority of which were derived from within. This sub-surface gain is offset by a loss of 15
tracers to the surface. Of the surface population, the top category increased its share of the
total population by 29 tracers. The largest proportion of this top population was derived
from the previous top total, while the rest were derived mostly from within positions. The
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within category showed a loss of 46 tracers, to be replaced by just 15 from top or buried
positions. From this search onwards the within total remained the smallest of the three
divisions, with buried tracers accounting for the middle ranking percentage, and those
occupying top positions being most abundant.
Search 5 displays a very low level of vertical exchange, with movement of only two
tracers between burial states, one from within to buried and another from buried to top.
The sixth search showed no vertical exchange occurring, and is therefore not included on
the Figure. Exchange prior to search 7 was present but limited in terms of the percentages
being transferred, the dominant source of tracers for each category being their own
previous population. Total populations recovered within each category showed very little
change from search 5 levels, suggesting that where vertical exchange had occurred there
was an almost fully developed counter movement between the burial states. This was
confirmed by consideration of the percentages taking each pathway between categories.
Search 8 displays exchanges of a level similar to search 7 occurring between all
categories, this causing marked changes in top and buried populations. The top category
saw a reduction by 9 stones, while the buried total increased by 11, and the within
category lost 2 tracers from its population. The results gathered during the final search
show a reversal of the general pattern which seemed to be developing, with the top
population gaining an overall number of 14 tracers at the expense of both within and
buried particles. The core source of material for each burial state remained the previous
population of the category.
7.1.2. THE ALLT DUBHAIG.
Figure 7.2 is the vertical exchange diagram for the entire 600 stone tracer
population of the Alit Dubhaig. Extensive vertical redistribution is seen as early as the first
search. At this time the top accounts for the greatest proportion of tracers, the buried
category ranks next, and the within third. By the time of completion of the second search
the top percentage had increased further at the expense of the within category, while the
buried category displayed a small increase in its percentage share of the tracer population.
For each burial state the largest source of material was its own population at the time of
search 1.
Both searches 3 and 4 showed no detectable exchange occurring, but by the time of
search 5 there had been a very extensive vertical redistribution of tracers. The top category
now accounted for the least number of tracers, containing only a third of its previous
percentage share. Together with a rise of only 4% in the total for the within group, the
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entire surface population had become smaller than the buried total, which had almost
doubled in size since the time of search 2.
Because search 6 covered a very small percentage of the total bed area only single
boxes are used on Figure 7.2 to represent the search. Most tracer stones had to be classed
in the same position as their search 5 recovery, this accounts for the very small percentage
changes shown on the diagram. Search 7 showed exchange between all burial states but
with final overall percentages being held constant. The buried category retained a large
percentage of its previous total but received only a small number of tracers from surface
locations. More than 50% of the tracers in both surface categories occupied a different
burial state than during the previous search.
Search 8 saw only minor changes, only 7.5% of the tracer population were
exchanged, although all possible pathways are represented. The outcome of this limited
movement was a small fall in the number of buried particles, a minor rise in the top
population and constant numbers within the bed surface layer.
No detected vertical exchange took place prior to search 9 and that recorded by
search 10 was minor, with limited one way exchange of less than 1% of the tracer
population between buried and surface positions. A greater amount of exchange took place
before search 11 and the patterns which were beginning to emerge are intensified, with the
majority of a category's population being derived from its previous total. The only loss
incurred before this particular search was from the within category, which lost clasts to
both top and buried locations and received less than half the number back from each.
Because top and buried populations show equalised exchange between them, both
categories gained tracers. This pattern is repeated, although involving a greater number of
tracers, prior to search 12, after which the within total had been reduced by almost half due
to losses to both top and buried positions, similar amounts going to each, while receiving
back less than half in counter exchange. The other two categories again exchanged roughly
equal amounts and therefore both gain tracers, with the top receiving a slightly higher
percentage of tracers although it's population still remains less than half that of the buried
total.
The final search showed small amounts of exchange taking place between all burial
states, with top and within populations untypically gaining a small percentage of tracers at
the expense of the buried total. Despite this small deviation from the normal pattern
recorded the experimental period still concluded with the majority of tracers in sub-surface
positions.
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7. VERTICAL EXCHANGE PROCESSES.
Once again the individual sub-reaches of the Alit Dubhaig were considered
separately. Figure 7.3 is the vertical exchange diagram for the sub-reach 1 tracer set. Apart
from expected minor variations in the actual percentages involved in exchange the patterns
described for the whole data set were mirrored. If a difference was to be highlighted
however, it would be the generally lower percentages of within material, mostly in favour
of the buried population.
Sub-reach 2 vertical exchange details are illustrated in Figure 7.4. The general
trends described for the whole reach again apply, but it is clear from the start that burial
plays a greater role within this sub-reach. From as early as the first search the sub-surface
accounts for a greater percentage of the 200 tracer stones than either of the surface
categories, and then continues to do so after every search.
For sub-reach 3 (Figure 7.5) there was no one dominant trend causing deviation
away from vertical exchange trends reported for the whole experimental reach. The first
search shows the top total to be greater than that recorded in Figure 7.2, at cost to the
within population. This means that the sub-division into surface and sub-surface
populations is broadly the same as for the complete tracer set. Search 2 sees burial being
less important than on the reach scale exchange diagram. The anticipated increase in the
population of sub-surface stones is present in the results from search 5, but the percentage
increase is equal to, and not greater, than that for the river as a whole. Therefore although
the proportion of buried stones within sub-reach 3 is greater than 50%, it is not as large as
that recorded for the complete reach or the two upstream sub-reaches. The top percentage
at the time of search 5 is also not as large as recorded in the upstream reaches. The within
population therefore holds a greater proportion of tracers than in Figure 7.2. From search 6
onwards the changes in population follow the general reach scale patterns of Figure 7.2,
although the absolute values are, of course, different.
7.2. THE VERTICAL EXCHANGE RATE.
The concept of a vertical exchange rate, as proposed by Schick et al. (1987a and c),
was considered briefly in Chapter 2. The statistic is a ratio between rates of burial and
exposure occurring between searches. These terms are defined by the following formulae:
Exposure = Number of surface tracers which previously held sub-surface positions
Total Number of tracers previously located in sub-surface positions
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Burial = Number of sub-surface tracers which previously held surface positions
Total Number of tracers previously located in surface positions
Vertical Exchange = Exposure
Burial
It should be noted that the definition of burial used by Schick et al. (1987a and c)
was that no more than 50% of the surface area of a particle should be visible, while for this
project a tracer was not considered buried unless totally obscured by overlying material.
There are four possibilities to be considered in assessing vertical exchange rate
statistics:
i. When the rate is 0 there is no two way exchange, but there may be a "one-way" element
of burial or exposure.
If the calculated vertical exchange rate is 1 then burial and exposure rates are equal. The
nearer a calculated value is to 1 the smaller the difference between burial and exposure.
If the calculated vertical exchange statistic is greater than 1, then exposure has been
the dominant exchange process and the proportion of tracers coming to the surface
exceeds that becoming buried.
iv. Alternatively, when the vertical exchange statistic is less than 1 the rate of burial has
exceeded that of exposure.
7.21. The Monachyle Burn.
Table 7.1 presents the vertical exchange rates determined for each search as well as
the burial and exposure rates used in their calculation. The ratio values presented for
exposure and burial can easily be converted to percentage values through multiplication by
a factor of 100. The exchange rates indicate that whenever a two way exchange occurred
exposure was the dominant process, the exchange rates being relatively constant and
greater than 3.0 for most searches. Searches 1 and 2 display a small amount of tracer
burial, but because there was no counter exposure vertical exchange rates remained zero.
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SEARCH	 EXPOSURE	 BURIAL	 VERTICAL EXCHANGE
1	 0	 0.005	 0
2	 0	 0.02	 0
3	 0.75	 0.22	 3.4
4	 0.33	 0.11	 3.0
5	 0.02	 0.006	 3.3
6	 0	 0	 0
7	 0.38	 0.15	 2.5
8	 0.33	 0.18	 1.7
9	 0.4	 0.11	 3.6
Table 7.1. Monachyle Burn: exposure, burial and vertical exchange rates.
7.2.2. The Alit Dubhaig.
SEARCH	 EXPOSURE	 BURIAL	 VERTICAL EXCHANGE
1	 0	 0.31	 0
2	 0.24	 0.13	 1.85
3	 0	 0	 0
4	 0	 0	 0
5	 0.31	 0.6	 0.52
6
7	 0.21	 0.31	 0.68
8	 0.04	 0.03	 1.30
9	 0	 0	 0
10	 0.02	 0	 0
11	 0.06	 0.30	 0.50
12	 0.16	 0.30	 0.50
13	 0.08	 0.05	 1.60
Table 7.2. Allt Dubhaig: exposure, burial and vertical exchange rates.
The vertical exchange statistics for the whole 600 stone Alit Dubhaig tracer set
(Table 7.2) show a mixed set of conditions. Of the 7 search results showing a vertical
exchange, numbers 5, 7, 11 and 12 show burial to be the dominant exchange process with
typical exchange rates of about 0.5. The other searches produced a range of exchange rates
in which exposure was dominant. The calculated values are not as high as those produced
from the Monachyle data, indicating that the dominance of exposure was not as extensive.
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Search 10 showed an interesting pattern in that no stones were buried but there was a small
amount of exposure.
7.3. BURIAL DEPTH.
When tracers were recovered occupying sub-surface positions the thickness of
overlying material was noted and recorded as burial depth (Section 3.5.3). Full details of
individual tracer burial depths are given in Appendix A4, but some summary data is
presented in Tables 7.3 and 7.4. The mean depth referred to is the statistic for the buried
sub-set of tracer stones only, and not the mean for the whole tracer set including surface
particles. Where a detector malfunction is noted only limited sub-surface investigation, if
any, was possible, and therefore no statistics are entered for these searches. Typically, a
maximum burial depth which remains constant between successive searches refers to a
stone which has remained in exactly the same position. Conversely it should be mentioned
that not all tracers which were stationary between searches were necessarily found at the
same burial depths during those searches.
As well as in tabulated summary statistics, the patterns of burial within each river
are illustrated with the use of vertical distribution histograms for selected searches. These
charts plot the number of tracers found at increasing depths within the bed recorded to the
nearest centimetre.
7.3.1.THE MONACHYLE BURN
Summary burial statistics for the Monachyle are presented in Table 7.3. Apart from
some minor deviation, especially towards the start of the study when the maximum tracer
burial depth falls from 15cm to 11 cm, there is a general rise in the values of maximum
tracer burial depth of the order of 9cm during the experimental period. The mean depths
seem to be more variable, especially over the first four searches as the number of tracers in
the category gradually increased.
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SEARCH NUMBER MEAN	 MAX.
OF BURIED BURIAL	 BURIAL
TRACERS DEPTH	 DEPTH
(cm)	 (cm)
1 1 15.0 15.0
2 4 9.0 14.0
3 45 9.0 11.0
4 47 5.7 11.0
5 47 5.5 15.0
6 47 5.5 15.0
7 52 DETECTOR
MALFUNCTION
8 63 DETECTOR
MALFUNCTION
9 53 6.5 20.0
Table 7.3. Monachyle Burn summary burial statistics.
I	 I	 I	 I	 I—'
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BURIAL DEPTH ( cm)
Figure 7.6. Vertical distribution of tracer stones recorded during search 3 of the Monachyle
Burn.
The vertical distribution histogram chosen to represent the Monachyle Burn (Figure
7.6) is based on tracer statistics collected during search 3, and therefore represents the
distribution of tracers with depth after the most significant flows in terms of general tracer
activity (Section 4.1.2). The figure clearly illustrates the limited size of the buried
population as a sub-set of the complete tracer set, and also shows that the majority of
buried tracers were relocated at depths between 2cm and 10 cm, with peak occurrence at
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depths around 4cm or 5cm. These patterns are common to all of the searches undertaken in
the Monachyle.
7.3.2. THE ALLT DUBHAIG.
SEARCH NUMBER MEAN	 MAX.
OF BURIED BURIAL	 BURIAL
TRACERS DEPTH	 DEPTH
(cm)	 (cm)
1
2
3
4
5
6*
7
8
9
10
11
12
13
3
191
199
199
199
378
377
368
360
360
358
361
374
178
5.0
4.9
4.9
4.9
9.0
8.9
10.0
10.2
10.2
10.2
16.0
15.0
15.0
15.0
34.0
29.0
31.0
31.0
31.0
31.0
48.0
DETECTOR
MALFUNCTION
DETECTOR
MALFUNCTION
10.5
* Part of sub-reach 1 only.
Table 7.4. Alit Dubhaig summary burial statistics.
The summary results presented in Table 7.4 show that, ignoring some initial
discrepancy, both mean and maximum burial depths increased as the study progressed. The
nature of this progression is very interesting. For the first four searches the burial depths
remained constant at 5cm (mean) and 15cm (maximum), then within the data collected for
search 5 there is a sharp increase in both burial depth statistics. After a small period of
adjustment the values again became stable, remaining at constant values until search 13, at
which time depths again show a substantial increase. This final rise may not be important
since the maximum burial depth of 48cm, which would also be partly responsible for
raising the mean, was recorded for a tracer which had not been recovered since search 4,
and hence before the previous steep increment at the time of search 5.
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Vertical distribution histograms illustrating tracer concentrations though the bed
were plotted using results from searches 2 and 5 of the Alit Dubhaig.
0
1
6	 8	 10	 12
BURIAL DEPTH (cm)
Figure 7.7.Vertical distribution of tracer stones recorded during search 2 of the Alit
Dubhaig.
The patterns shown in Figure 7.7 resemble those for the Monachyle Burn (Figure
7.6), with the greatest concentration of buried tracers found approximately 4cm below the
surface, and with frequencies then dropping off to isolated tracers buried at depths over
10cm.
10	 15	 20	 25
	
30
	
35
BURIAL DEPTH (cm)
Figure 7.8. Vertical distribution of tracer stones recorded during search 5 of the Alit
Dubhaig.
The vertical distribution of tracer stones within the bed of the Allt Dubhaig after
search 5 (Figure 7.8) contrasts markedly to that for search 2 (Figure 7.7). A greater
proportion of material is seen to occupy sub-surface positions and the range of burial
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depths has increased to embrace tracers recovered from deeper levels within the bed.
Within the burial profile there appear to be concentrations of tracers at particular levels, the
largest of these groups falling within the wide range of burial depths between 2 and 12cm
but with lesser peaks between the burial depth ranges 14cm to 17cm and 20cm to 21cm.
Below 21cm only isolated occurrences of tracer recovery are recorded
Examination of the data presented within Appendices 2 and 3 reveals a trend which
links the deepest burial depths to recovery of tracers from bars. This does not necessarily
mean that bars were the sites of deeper tracer burial than within channel morphology units.
The difference recorded is perhaps merely a reflection of the comparative ease of locating a
deeply buried stone on a bar rather than excavating a pit under flowing water, where deeply
buried tracers could not be so easily located. Signals from tracers buried too deeply to
allow recovery and identification were included in the populations of each morphological
unit category within Chapter 6, so they would not be responsible for any error within the
analysis presented in that chapter. However their non-recovery would make an analysis of
burial depth associated with bed morphology open to questions of validity.
A comparison of tracer recovery depths from the three sub-reaches suggests that
there was only minor variation along the downstream profile. The overall mean burial
depths for each of the three tracer sets fall within a range of 3cm, but they do imply that
burial within sub-reach 2 was the most extensive. The values are listed in Table 7.5.
SUB-REACH	 MEAN BURIAL DEPTH (cm)
1 8.60
2 10.12
3 7.93
Table 7.5. Downstream comparison of mean burial depths within the AlIt Dubhaig study
reach.
7.4. AREAL DISTRIBUTION OF BURIED TRACERS 
At both sites there appeared to be definite areas of the channel bed where groups of
buried tracers were recovered. There is a suggestion from patterns seen on tracer
distribution maps that a hierarchy of localised areas of preferential scour exist. For the
majority of searches demonstrating vertical exchange only limited areas were typically
associated with newly buried tracers and/or the removal of previously buried tracers, while
elsewhere on the bed even swface tracers had not moved. More rarely, but seen especially
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after search 5 of the Dubhaig, areas showing evidence of exchange are widespread and
dispersed in most active channel locations.
7.5. BURIAL STATE AND CLAST STABILITY.
The vertical exchange diagrams do not provide any indication as to whether tracers
which have the same burial state for two successive searches had remained stationary. This
has necessitated further analysis to consider tracer stability in relation to burial state. For
each search known to show tracer displacement the percentages of tracers occupying each
burial category showing no horizontal tracer movement have been plotted on a bar chart.
7.5.1. THE MONACHYLE BURN.
Figure 7.9. Monachyle Burn tracer stability based on burial category.
Figure 7.9 suggests that for the majority of searches (2, 4, 8 and 9) the buried
category is the most stable. Over the remaining searches (3 and 7) buried was recorded as
the least stable category, with the within category being the most stable. Of the two sub-
surface categories it was typical for within to be the more stable. The relative stability of all
three burial states between individual searches closely resemble those of Figure 6.8, which
plotted the influence of bed morphology on transport occurrence in the same fashion, with
search 3 showing the most extensive activity, while search 2 showed the smallest amount
of detected activity. The size of the differences in stability between the three burial
categories for a single search ranges from that recorded by search 7, where all three of the
stability percentages are separated by a range of 12.5%, to the 63.25% range between the
categories recorded during search 8, which includes a percentage difference of 58%
between buried and within, the first and second ranked categories in terms of stability.
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7.5.2. THE ALLT DUBHAIG.
Figure 7.10, the stability histogram for the full 600 stone Alit Dubhaig tracer set,
shows a mixed collection of stability relationships, with searches 2, 5 and 11 indicating that
the buried stones seem to be the least stable, while the remaining searches, 7, 8, 10, 12
and 13, show the buried stones to be the most stable category. All of these searches were
made after the extensive vertical exchange activity prior to search 5, which has been seen to
have left a large number of tracers in buried positions. An investigation of the behaviour of
those tracers buried at that time showed that about 21% remained stationary for the rest of
the investigation. A similar proportion were also potentially immobile over the following 8
searches but their incomplete search records prevented absolute certainty. Another 22% of
search 5 buried stones had moved again prior to search 7, the next complete search of the
reach. By way of a comparison, only 2% of tracers relocated in buried positions during
search 3 of the Monachyle Burn remained in position for the whole of the remaining
experimental period.
The relative stability of within and top categories in the Alit Dubhaig demonstrates
no consistent relationship. Of the three searches where the buried category was least stable
the top stones hold the most stable ranking for searches 2 and 11, while search 5 showed
the within category to be the most stable. This particular search, along with numbers 8 and
10, showed only very small differences in stability percentages between the three burial
states, the minimum difference being the 2.5% shown by search 10. Other searches
showed a medium to substantial variation in the degree of stability between burial states
over the same inter-search period, the largest being that of 65.5% for search 12, where
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tracers of the buried category were apparently about 50% more stable than those enclosed
within the bed.
Search 5 sees the lowest stability percentages recorded for all burial states whereas,
in comparison, the stability associated with searches 8 and 10 is high for all three
categories. Between these there is a full range of general stability levels for each search.
Having divided data into the three tracer subsets there is little additional clarification
to add to the Allt Dubhaig burial stability patterns identified from Figure 7.10, each sub-
reach showing only minor variations to the basic relationships already described. Figure
7.11 shows the bed stability histogram for the sub-reach 1 tracer set. The major difference
in the plot as compared to Figure 7.10 is the inclusion of data from search 6. This search is
now added to the group which show the buried category to be the most stable, (searches 7,
8, 10, 12 and 13). In this group within positions were ranked second in terms of stability
in all but search 10. Search 11 results show the within category to be most stable while
search 2 has the top tracers the most stable, in both of these searches the buried category is
the least stable. Prior to search 5 only a small number of top tracers had remained in
position. Again there was a wide variance in the degree of relative stability between the
three burial category subdivisions identified for a single search, this range being least for
search 10 data and largest for search 12.
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Figure 7.11. Allt Dubhaig sub-reach 1 tracer stability based on burial category.
The burial stability histogram for sub-reach 2 tracers (Figure 7.12) shows a greater
deviation from the general pattern of Figure 7.10 than the results for the sub-reach 1 tracer
set.
174
<4 100
cn
cfl 90
• 800
• 70
1:4 60
ra,1
• 
50
(r)
40
▪ 30
<
• 
20
O 10
- 0
<4 2	 5	 7	 8	 10
SEARCH
11 12 13
II TOP
Pi WITHIN
El BURIED
q. VERTICAL EXCHANGE PROCESSES.
Figure 7.12. Allt Dubhaig sub-reach 2 tracer stability based on burial category.
The most common pattern observed for the previous sets of analysis, buried tracers
the most stable category followed by within and top, is only observed for search 8. The
buried category remains the most stable before searches 12 and 13 but for these searches
the top category is more stable than the within. The top category shows the greatest
stability, with the buried ranked third, in the data sets gathered during searches 2, and 11.
The top category is also the most stable before search 5 at which time no buried stones
were recorded occupying their previous positions. For search 7 the top category was the
most stable while the within category was apparently the least stable. Lastly, search 10
shows equivalent top and within stability, with a slightly smaller proportion of buried
tracers remaining immobile. This search again shows the smallest overall percentage
difference, less than 2% between all three categories, while search 12 still shows the largest
discrepancy between the categories, here of the order of 95%. Of this range 90% is
between the top and buried groups, which are the two most stable.
The burial/stability plot for sub-reach 3 of the Allt Dubhaig (Figure 7.13) differs
from the others presented in that it does not include data from search 8 which, within this
sub-reach, showed no horizontal movement.
Within this downstream sub-reach the buried category is the most stable of the three
considered for searches 7, 10, 11, 12 and 13. For each of these searches, apart from
number 13, the within category was the second most stable. Of the two searches not yet
considered number 2 shows top positions to be the most stable with buried the least, and
number 5 shows the within burial state to be the most stable with the top category the least
stable.
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Figure 7.13. Alit Dubhaig sub-reach 3 tracer stability based on burial category.
As with the other three sub-reach histograms presented within this subsection,
Figure 7.13 displays a considerable range in the relative percentage values of stability for
the three burial categories. As found previously, the smallest variance is associated with
search 10 (3%), while the largest (50%), is recorded for search 12. The pattern associated
with search 10 is almost certainly a real relationship and marks very limited amounts of
movement. Unfortunately, at the other extreme the bed stability data for search 12 contains
an in-built error, one which is also contained within the data set for search 8 of the
Monachyle Bum. This search was shown in Section 7.5.1 to display the largest variation in
stability percentages between the different bed categories, particularly the first and second
ranked, buried and within. This error is also responsible for artificially lowering the
stability percentage of buried tracers for Searches 11 of the Dubhaig and 7 of the
Monachyle, effects which are clearly seen on each of the burial state stability histograms.
The source of the problem is a direct consequence of the malfunction of the magnetic
locator for the period covering searches 11 and 12 of the Dubhaig and 7 and 8 of the
Monachyle, details of which have been discussed in previous chapters, (see especially
Section 3.3.4). During these searches most of the buried stones making up the recovery
percentages were not actually found, and could be classified as stable only because they
were still located in their pre-malfunction positions when the replacement detector was used
to make the final search of each river. Buried tracers which were not mobile before
searches 11 or 12 of the Dubhaig and 7 or 8 of the Monachyle, but moved at some time
before search 13 (Dubhaig) or 9 (Monachyle) could not be included in the appropriate
stability total. There are no errors involved in the stability statistics determined for the
swface tracers at the time of the detector malfunction.
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There are further potential errors built into all the searches in terms of lost tracer
mobility. When a particular tracer remains lost for consecutive searches it may have
remained stationary but cannot be included on the histograms as there is no way to assess
the proportion of the lost population that behaved in this way. When a buried stone
becomes lost at the next search there is a possibility that it remained stationary but, unless
the stone is recovered later occupying the same position, it could not be included in the
buried stability total.
7.6. BURIAL STATE AND TRANSPORT DISTANCE.
Consideration of the distance moved by tracer stones mobile between successive
searches can be made either in terms of a tracer's burial state prior to, or after, movement.
Mean transport distance statistics were calculated, based on start and finish burial status
within each experimental reach or sub-reach, both to an individual search scale and for the
whole experimental period. These statistics were then used to produce the graphs which
form the main body of material reported in the following sub-sections.
Relationships which seemed apparent from the diagrams presented, based upon the
overall mean movement of tracers, were then subject to a Mann-Whitney test to ascertain
whether or not burial state was a direct influence on tracer transport distance at the level of
individual searches. Again it is stressed that the figures presented involved the plotting of
mean values while the Mann-Whitney test is based upon a comparison of median values,
(see Section 6.3).
7.6.1. BURIAL STATE PRIOR TO MOVEMENT.
7.6.1.1. The Monachyle Burn.
The mean transport distances associated with individual searches of the Mon achyle
Burn are displayed in Figure 7.14. The graph also shows a summary trend for the data
based upon the weighted mean transport distances for tracers commencing movement from
each of the burial categories over the entire experimental period.
When all searches of the Monachyle Burn are considered in a single summary
analysis mobile tracers which had belonged to the buried category moved an average of 4m
compared to 8.5m for top and 11.2m for within stones. When individual search results are
considered, those involving transport of buried material (numbers 2, 3, 4, 7 and 8) all,
with the exception of search 4, show it to display the shortest mean transport distances of
the three categories. The range amongst the burial state mean values for individual searches
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varied from 2m for search 7, up to 17m for search 8, with llm separating the mean for the
buried tracers from that for the top, the least mobile of the surface categories. The results of
search 4 show the opposite trend with the buried tracers travelling the furthest distance.
MEAN TRANSPORT DISTANCE (m)
25 -
_
•
Figure 7.14. Mean transport distances associated with the burial state of Monachyle Burn
tracers prior to movement.
A comparison of the two surface states highlighted a lack of any form of predictive
relationship between transport distance and initial burial state. The groups occupying top
positions were associated with longer transport distances over three searches (numbers 2,
4,and 7) while the within subclasses were the more mobile for the remaining 3 searches (3,
8 and 9).
It was considered useful to check whether the transport distances of surface and
sub-surface tracer sets were significantly different. It was found that the only searches
which yielded large enough data sets for use of the Mann-Whitney U-tests were 4 and 7.
The reason for this was that often only a small sub-set of the whole tracer population could
be identified as being both mobile and having known positions for 2 successive searches.
Both sets of statistical tests carried out yielded Z statistics indicating no significant
difference between the distances travelled by sub-surface and surface tracer populations to
the chosen significance level of 0.05.
7.6.1.2. The Alit Dubhaig.
The mean distances travelled between searches by tracers starting transport from
different burial states within the Alit Dubhaig are illustrated graphically in Figure 7.15.
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Figure 7.15. Mean transport distances associated with the burial state of Alit Dubhaig
tracers prior to movement.
Figure 7.15 indicates that once tracers have been set into motion the average
distance travelled by stones belonging to the buried category is double that of those holding
within positions. The within class being the most mobile of the surface positions, although
from the general trend shown there would appear to be little variation between the
calculated mean for the within and top tracers. The three mean values for each individual
search displayed a wide distribution about the overall mean values and the rank hierarchies
showed a variety of deviations from the summary trend illustrated.
When the data is split to the sub-reach scale (Figures 7.16, 7.17 and 7.18) the
overall mean patterns change very little from the reach scale summary. All three of the sub-
reach graphs show the general trend of buried tracers moving a greater distance than
members of the two surface categories. Top and within tracers travel roughly equivalent
mean distances in sub-reach 1, while in sub-reaches 2 and 3 those belonging to the within
category apparently travel further than those occupying top positions. There is no
correspondence in the hierarchy of burial states, based on mean transport distance, between
the sub-reaches during individual searches.
At the individual search scale the relationships between burial category prior to
motion and transport distances of the Allt Dubhaig sub-reaches seem to follow the general
trend outlined, with the buried category showing the longest mean transport distances in all
the searches involving movement of members of this class, except for search 7 within sub-
reach 1 where the top tracers showed the longest mean transport distance. The relationship
between the two surface categories was not as constant as the summaries for the entire
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experiment had suggested. Members of the top category occasionally travelled further
during an intersearch period than members of the within population. Because of the
variable nature of relationships between the two surface categories and their associated
transport distances, and given the relatively small variations between their mean values for
individual searches, it was decided not to test for statistically significant variations between
the transport distances of tracers in these populations.
TOP	 WITHIN	 BURIED
BURIAL STATE
Figure 7.16. Mean transport distances associated with the burial state of Alit Dubhaig sub-
reach 1 tracers prior to movement.
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Figure 7.17. Mean transport distances associated with the burial state of Alit Dubhaig sub-
reach 2 tracers prior to movement.
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Figure 7.18. Mean transport distances associated with the burial state of Alit Dubhaig sub-
reach 3 tracers prior to movement.
A statistical analysis of the differences between distances moved by surface and
sub-surface tracers was a useful supplement to the graphical evidence, which demonstrated
a constant relationship in which remobilised buried clasts often moved over twice the mean
distance moved by the more mobile of the surface tracer categories. The results of the
Mann-Whitney tests indicated that the patterns observed on the figures were not as
distinctive as they seemed. There were only a minority of individual searches which could
provide large enough data sets of mobile buried tracers for tests to be made. In total only
four searches from sub-reach 1 could be used (numbers 2, 5, 6 and 7), three from sub-
reach 2 (numbers 2, 5 and 7) and just 2 from sub-reach 3 (numbers 5 and 7). The other
searches which displayed any movement of buried material had mean transport distances
which were based upon the movement of just one or two tracer stones, and therefore lacked
generality. Of those Mann-Whitney tests which were calculated, none produced a U or Z
statistic indicating a statistical difference in the transport distances of surface and sub-
surface tracers at the 0.05 significance level.
7.6.2.BURIAL STATE AFTER MOVEMENT.
7.6.2.1. The Monachyle Burn.
The mean transport distances for tracers belonging to each burial state after
movement had occurred are listed in Figure 7.19. Data is plotted for each individual search
of the Monachyle displaying vertical exchange and a summary trend is also given which is
based on the average distances moved by the tracers to each burial state category over the
whole experimental period.
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BURIAL STATE
Figure 7.19. Mean transport distances associated with the burial state of Monachyle Bum
tracers after movement.
The graph indicates that there was a considerable scatter about the overall mean
values and a variety of relative rankings for the three burial states in terms of their
associated transport patterns. Of the 6 searches which display movement of all three
categories, numbers 1, 2, 8 and 9 showed the tracers finishing up in buried positions to
travel the shortest distances. However for the other searches, 3 and 4, the buried clasts are
seen to travel the furthest mean distances. The two surface categories show no preferential
pattern. When all of these searches are considered together the mean plot shows all three
categories to be associated average distances whose values are contained within a lm range
of each other.
7.6.2.2. The Alit Dubhaig.
A set of four graphs are presented for the Allt Dubhaig, these show individual
search and total experimental period scale relationships between mean tracer transport
distance and the burial category to which they belong after movement. The first of the
graphs, Figure 7.20, uses data from the whole reach, while the others split the analysis in
terms of the three sub-reaches.
The reach scale Figure 7.20 shows a wide distribution of distances and no
hierarchy of the burial states in terms of associated transport distance is obviously apparent.
When the mean statistics for the whole of the experimental period are considered, the mean
distance travelled by tracer stones deposited in sub-surface positions clearly have a higher
value. Within and top tracers show little difference in overall mean transport distance,
although the within category appears fractionally more mobile.
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Figure. 7.20. Mean transport distances associated with the burial state of Alit Dubhaig
tracers after movement.
Of the three sub-reach plots it is the graph for Sub-reach 1 (Figure 7.21) which
displays the greatest deviation from the general pattern for the whole reach. The plot of
means is flatter than that of Figure 7.20, all three burial categories showing an overall
difference of mean transport distances amounting to just 6m. The individual search data
shows a wide range of mean transport distances around the summary mean. Not one of the
categories produces constantly greater or smaller transport distances than the others,
resulting in the equalisation seen on the mean trend.
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Figure 7.21. Mean transport distances associated with the burial state of Alit Dubhaig sub-
reach 1 tracers after movement.
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The graphs for sub-reaches 2 and 3 (Figures 7.22 and 7.23 respectively) resemble
the reach scale plot rather more than the equivalent sub-reach 1 chart. They show a greater
differentiation between the longer overall mean distance travelled by tracers deposited
within the buried category and those recovered in surface positions after moving shorter,
relatively equal, distances. The largest range between overall means is shown by sub-reach
2. At the individual search scale the ranking of burial categories in terms of their associated
transport distances is still variable and the actual values show a wide distribution. Having
made these considerations, it is still noted that the values covered by the ranges of
individual search means do support the ranking of the summary mean for each of the
categories.
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Figure 7.22. Mean transport distances associated with the burial state of Alit Dubhaig sub-
reach 2 tracers after movement.
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Figure 7.23. Mean transport distances associated with the burial state of Alit Dubhaig sub-
reach 3 tracers after movement.
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Between sub-reaches the individual search ranking of burial categories based upon
their associated mean transport distances is not consistent.
Despite the appearance of the graphs, the Mann-Whitney tests at an individual
search and sub-reach level yielded no indication of statistically significant differences in
distances moved by tracer stones into surface as opposed to sub-surface positions. The
graphs presented were believed to be more accurate than those presented in 7.6.1 (which
dealt with burial state prior to motion), because for every tracer relocated there was an
associated distance statistic, the two sets of data being taken from the same search and not
two successive searches. Category size for this set of analyses is therefore only limited in
terms of the population moving, and not also on account of tracer loss between searches.
Unfortunately, within this set of analyses a different source of error is introduced for
individual tracers recovered after being lost for one or more of the preceding searches. On
being found all movement since the tracer previous recovery is entered as the distance of
transport, even though all, or some, of it may have actually been associated with searches
prior to the recovery search. This would artificially increase mean transport distances, with
the effects of the problem being more marked on the Alit Dubhaig where search recovery
rates were lower than on the Monachyle. A refinement to the data set by removing
potentially inaccurate data may well lead to a further problem of small sample sizes, such as
those encountered with the analysis of data concerning transport distances and prior burial
state (Section 7.6.1).
7.7. OCCURRENCE AND MAGNITUDE OF VERTICAL EXCHANGE.
It is clear from the results presented in the first five sections of this chapter that the
dominant influence on vertical exchange processes is the flow record. This is in agreement
with results reported earlier concerning the occurrence and magnitude of horizontal bedload
transport.
At the present stage of analysis there does not appear to be any surface morphology
influence on vertical exchange patterns with burial, across a complete range of depths,
observed on bars or riffles and in pools and undifferentiated channel. The sedimentological
characteristics of tracers which were recorded at the start of the experiment; size, shape and
angularity, also do not appear to have a direct effect on burial potential.
The use of the descriptive terms top and within is continued during the following
discussions, for which their use is considered to be satisfactory. Hassan (1990) and
Hassan and Church (1990) employed the terms "free" and "locked" in their analysis,
although the basis for the division was directly equivalent to that employed in this study;
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proportions of the particle visible at the surface. In earlier work concerning the same data
sets, for instance Hassan (1988), the terms "top" and "within" were employed for sub-
division of the surface population.
7.7.1. FLOW ACTIVITY AND OCCURRENCE OF VERTICAL EXCHANGE.
As the flow levels prior to a search increase (Figures 3.22 and 3.23) the nature of
vertical exchange changes.
7.7.1.1. Passive vertical exchange.
At times of low flow activity, when peak discharges are below motion threshold
values, it has been noted that no horizontal tracer movement occurred (Section 4.4.1),
generally at these times no vertical redistribution of tracer material was noted either. This
was certainly the situation for search 6 of the Monachyle and searches 3, 4 and 9 of the
Dubhaig. Unexpectedly, search number 5 on the Monachyle Burn (which displayed no
horizontal movement of tracers) did show a previously buried stone to become exposed.
This insitu change in burial state was believed to result from the movement of one or two
surface stones exposing the tracer previously buried at a shallow depth beneath. A similar
occurrence is included on the vertical exchange diagram for search 10 of Allt Dubhaig sub-
reach 2, when two stationary stones became exposed. Within the Monachyle search 5 data
set, which yielded the initial observation of insitu exposure, insitu burial is also observed,
this being due to the covering of stationary stones by material moving from upstream. This
type of vertical exchange which involves no horizontal displacement of the tracer changing
burial state will be termed "passive" to separate it from exchange involving horizontal
displacement, i.e. "active" vertical exchange. It was suggested in Section 4.4.1.2. that
because there was no horizontal displacement of tracers it did not strictly follow that there
w'as no bed material movement at all, observations of "passive" vertical exchange seem to
qualify that assumption.
7.7.1.2. Active vertical exchange.
With increasingly more powerful and/or long duration floods over transport
thresholds between searches the incidence of horizontal tracer movement generally rises.
Within this sub-section it is determined whether the levels of vertical exchange are
controlled by flow parameters in the same fashion.
Reach searches have been ranked in order of decreasing levels of vertical exchange
activity (Tables 7.6 and 7.7). The statistics used for ranking the searches were derived
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from the reach scale vertical exchange diagrams (Figures 7.1 and 7.2), and they refer to the
percentages of material shown to change burial state between searches. Tables 7.6 and 7.7
also include entries which list each search's ranking in terms of the % horizontal movement
recorded (data taken from Figures 4.2 and 4.8). Although the correspondence between a
search's two sets of rankings is not exact it can be noted that in general high levels of
vertical exchange activity are coincident with high levels of horizontal activity.
Calculation of Spearman's rank correlation coefficient for the rankings listed for
each of the rivers showed strong positive correlations between the occurrence of vertical
and horizontal transport, the values being 0.71 for the Monachyle and 0.96 for the
Dubhaig, both significant at the 0.01 level. In Section 4.4.2 it was demonstrated that a
general correspondence existed between the level of flow activity, (in terms of peak
discharge and flow duration), and the occurrence of horizontal transport recorded.
Therefore it should follow that the levels of vertical exchange (showing a strong
Spearman's rank correlation with horizontal transport) are also related to flow conditions,
and thus once a threshold has been exceeded vertical exchange will increase with flow
levels.
VERTICAL	 SEARCH No.
EXCHANGE
OCCURRENCE
RANK
% VERTICAL
EXCHANGE
ACTIVITY
HORIZONTAL
MOVEMENT
OCCURRENCE
RANK
1 3 56.5 1
2 8 38.0 4
3 4 37.5 3
4--= 7 32.0 5
4--- 9 32.0 6
6 2 6.0 7
7 1 5.0 2
8 5 1.0 8=
9 6 0 8=
Table 7.6. Monachyle Burn searches ranked in terms of % vertical exchange activity
recorded.
Disparities between the ranked values of horizontal and vertical transport activity for
an individual search (Tables 7.6 and 7.7) tend to be in the order of one ranking and so do
not adversely affect the assumed relationship between flow and vertical exchange. The one
large discrepancy concerns the low ranking for search 1 of the Monachyle in terms of
vertical exchange activity compared with its higher horizontal movement ranking. It was
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highlighted in Section 4.5 that superficially seeded tracers were more likely to be entrained
at lower flow values than those occupying natural positions. Therefore in the case of the
first Monachyle search, the ranking in terms of vertical exchange corresponds with the flow
record prior to the search (Fig 3.23.a) in a more accurate way than the occurrence of
horizontal motion does.
The differences in relative stability percentages between tracers from each burial
category (Figures 7.9 to 7.13) seem to be partly dependant upon flow strength/duration.
Stability percentages were high with little variation between the categories when flow was
relatively inactive and motion thresholds had obviously only just been exceeded (Dubhaig
searches 10 and 8). Stability values for the three burial states also fall within a small range
when there had been a great deal of flood activity, (Dubhaig search 5 and Monachyle search
3). The largest variations between the stability of the three burial states were associated
with events of moderate magnitude.
VERTICAL	 SEARCH No.
EXCHANGE
OCCURRENCE
RANK
% VERTICAL
EXCHANGE
ACTIVITY
HORIZONTAL
MOVEMENT
OCCURRENCE
RANK
1 5 63.9 2
2 1 60.3 1
3 2 35.1 4
4 7 34 3
5 12 30.5 5
6 11 14.2 8
7 13 11.3 6
8 8 7.5 9
9 10 1 10
10= 3 0 11=
10= 4 0 11=
10= 9 0 11=
6 UNKNOWN 7
Table 7.7. Allt Dubhaig searches ranked in terms of % vertical exchange activity recorded.
Burial processes within the Alit Dubhaig appear to be more common than within the
Monachyle. This seems evident from the "vertical exchange diagrams" which show a lower
percentage of tracer material entering the Monachyle bed's sub-surface. Given the
association suggested between the timing of horizontal and vertical movement based upon
flow parameters, it is proposed that the superior structural stability of the Monachyle
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surface layer discussed in Chapter 4 is responsible for the variation in the occurrence of
vertical exchange between the two streams, exchange not being able to commence until
surface movement begins. Downstream variations in Alit Dubhaig burial patterns concur
with this interpretation, burial being most common within sub-reach 2, which has already
been observed as being the most active of the three reaches. Similarly sub-reach 3,
evidently the least active of the three considered, shows the smallest percentages of burial
and exchange.
7.7.1.3. Areas of vertical exchange
A further observation revealing a change in exchange characteristics with increasing
flow within both river systems was that of the increased areas of vertical exchange activity
which occurred during higher flows. Bed break up first occurs at sites of low bed stability
or relatively high local shear stress. These zones of preferential scour, where buried tracers
are grouped, are often static features which remain in the same location between searches
and are thus assumed to be sites of above average shear on the bed, such as sites of flow
convergence or local scour pools (Ashmore, 1982). At other times a preferential scour zone
will develop as a stochastic event in a new position, probably due to a weakness in the bed
surface layer, perhaps a zone of local "overlooseness" (Church 1979) created at the end of
a previous flow event, or an area of bed disturbed between flows as a result of human or
animal activity. The sites of such weakness can potentially shift between searches.
As stage continues to rise and shear stress increases, the scour zone can spread
away from the initial area of surface break-up, the surrounding bed becoming increasingly
unstable as material is moved out of the zone of preferential scour. Also completely new
areas isolated from the pre-existing scour zones may begin to scour as local thresholds for
bed movement continue to be surpassed. As the flow begins to subside the rate of surface
break up will decrease and deposition of fill material will become increasingly more
widespread, burying particles in the scour pits, until finally the surface layer re-forms and
stabilises.
7.7.1.4. Depth of scour or fill.
The depth of a mobile tracer's burial should be regarded as an indication of
minimum scour layer thickness. It can not be taken to represent the full extent of scour
because stones may not have been deposited right at the bottom of a scour zone but at a
level within the fill layers. Note also that the burial depth recorded for a tracer does not
represent the exact bed level at the time of its deposition as the stone's dimensions also
need to be taken into account, these not being included within the depth statistics collected.
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The Monachyle Burn results do not show much variation in tracer burial depths
with different strengths of flow. Typically the burial range is quite shallow, the majority of
buried tracers being located just under the surface layer. By contrast, within the Alit
Dubhaig a relationship between flow activity and burial depth is suggested, and is
especially associated with the severe snow-melt flood prior to search 5, at which time
reported burial depths showed dramatic changes, the mean burial depth increasing by
4.1cm and the maximum by 19.0cm (Table 7.4). It is proposed that the depth of scour is
not just a reflection of the maximum shear stress recorded but also the duration of
competent flows subsequent to the breaching of the surface layer. The cover layer is more
stable than the predominantly matrix supported sub-surface material, which is therefore
available for transport as soon as the cover is removed. The limiting factor in terms of
depth of scour must therefore partly be the period of time that bed erosion within scour
zones can take place. This period is not merely the duration of flow above identified
initiation thresholds. Chapter 2 highlighted the theories and work of Gilbert (1914),
Ishbash (1936) and Reid et al. (1985), who demonstrated that once motion is established it
will continue until flow recedes to a recognisably lower threshold value than that required
for initiation.
The differences in relative bed stability (discussed in relation to the amount of
vertical exchange activity in Section 7.7.1.2), also form a reasonable explanation for the
difference in burial depths noted between the sites. It is suggested that the Monachyle bed
requires higher stresses than the Alit Dubhaig to allow bed scour to take place, this reduces
the proportion of a flood event over which scour can occur, effectively limiting the depth of
material that can be removed. Consideration of the three Dubhaig sub-reaches lends
supportive evidence, with sub-reach 2, the most active of the divisions, showing the
deepest mean burial depths (Table 7.5), and sub-reach 3, the most inactive, having the
shallowest.
7.7.2. THE VERTICAL EXCHANGE EQUlL1BRIUM.
A complication which could be considered to obscure the development of an
exchange equilibrium is that the results reported are for a collection of flow events and not
for single floods as in the original work by Schick et al. (1987a and b). It is, however,
argued that if an equilibrium exists a long sequence of flows will produce the same relative
surface and sub-surface distributions as a series of discrete events.
All searches of the Monachyle which revealed two-way vertical exchange showed
exposure to be the dominant process. Several of these searches displayed exchange rates in
the relatively small range of 3.0 to 3.6. The dominance of exposure explains why the
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number of buried tracers never approached the number remaining on the surface. By way
of comparison, exchange rates for the Alit Dubhaig showed a mix of exposure dominated
and burial dominated intersearch periods, but with enough burial occurring for the number
of sub-surface particles to exceed the number of surface particles from search 5 onwards.
Further illustration of this apparent contrast between rivers, in terms of vertical exchange
rate stability, came from plotting a model vertical exchange for each river (Figure 7.24 and
7.25). The model exchange rates employed were the mean vertical exchange rates for the
whole experimental period, these being 2.75 for the Monachyle (the mean burial rate being
1 and mean exposure rate 2.75), and 0.54 for the Dubhaig (burial rate 2.26 and exposure
rate 1.24). The plots both start with the entire tracer population seeded on to the bed
surface, then as the experimental period progresses both actual and model redistribution is
illustrated. The model vertical distribution is calculated by employing the mean vertical
exchange rate whenever actual exchange had taken place. For the Monachyle Burn (Figure
7.24) it can be seen that after an initial stage of experimentation, prior to search 3, there is a
close similarity between actual and model traces, and a discrepancy of just one stone at the
end of the experimental period. This suggests that the vertical exchange rate during the
latter part of the experiment is stable, and therefore holds an element of predictability. The
early discrepancy between predicted and recorded exchange for searches 1 and 2 is
explained by the flow not having been active enough to allow burial of more than 4 tracers,
thereby preventing a realistic amount of exchange.
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Figure 7.24. Actual and model vertical exchange fluxes for the Monachyle Burn.
For the Dubhaig (Figure 7.25) it is fair to consider the record right from the start of
the experiment given the high degree of burial prior to search 1. The Dubhaig displays
weaker correlation between model and recorded plots than the Monachyle (search 3
onwards). There is discrepancy throughout the experiment which ended with an error of 29
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tracers between actual and predicted totals, indicating lower stability of the exchange rate
over time. Schick (1987 a and b) indicated that test sites in the Negev Desert typically
displayed burial rates of 5 and exposure rates of 2, and therefore a vertical exchange rate of
0.4. Of the Scottish rivers considered this pattern resembles that of the Dubhaig in that the
burial rate is dominant, although within the ephemeral systems the dominance was greater.
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Figure 7.25. Actual and model vertical exchange fluxes for the Allt Dubhaig.
When considering the model vertical exchange it is seen that by the end of the
experimental period surface and subsurface populations are approaching constant, or
terminal values. Once consistency has finally been achieved the number of stones becoming
buried during an intersearch period will be exactly equalled by the number being exhumed.
Such a relationship was identified by Schick (1987 a and b) and termed the vertical
exchange equilibrium. Equilibrium is not shown by the tracer population until statistically
representative proportions of the set hold buried and surface positions. The vertical
exchange equilibrium was considered to be a prerequisite for the continuity of a coarse
surface layer. Based on the relationships between model and actual exchange noted, it
would seem that the Monachyle will fulfil exchange equilibrium conditions to a greater
degree than the Dubhaig which shows a greater deviation between recorded and theoretical
values.
It has been suggested by Schick et al. (1987b) that vertical distributions which, like
the Monachyle, show no cross over of surface and sub-stuface populations due to low
burial rates reflect the development of a stable armour by an hydraulic winnowing. This
supports other results which suggest that the cover layer of the Monachyle requires a
greater shear stress to disrupt than that of the Dubhaig.
0
0
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7.8. VERTICAL EXCHANGE AND BEDLOAD TRANSPORT RELATIONSHIPS.
7.8.1. SUB-SURFACE SEDIMENT STORAGE.
The majority of tracer stability diagrams presented within Section 7.5 show that in
both rivers a higher percentage of buried material remained stationary between searches
than material belonging to the other categories. This implies that the sub-swface generally
provides a better potential site for temporary sediment storage than the swface layer, as the
work of Hassan (1990) would also suggest. Unfortunately further evidence in support of
this claim is ambiguous. For a number of searches the swface categories appear to be more
stable than the buried. Furthermore, the wide range of relative stability values, thought to
be controlled by flow strength, (Sub-section 7.7.1.2), mean that often when the buried
category had shown the greatest stability there was only a small difference between the
percentages for all three burial states.
It is the vertical exchange diagrams (Figures 7.1 to 7.5) which reveal the most
substantial evidence regarding the nature of temporary storage within the sub-swface layers
of the bed. At the scale of individual searches the buried tracer sets are seen to behave in
one of two ways. The first pattern is clearly identified for searches 3, 4, 7, 8 and 9 of the
Monachyle Bum and for searches 2, 5, 7 and 12 of the Alit Dubhaig. For these searches
buried totals are often constant with, or show an increase to, the previous search total,
depending upon the particular search under consideration. However, a relatively high
proportion of this total was seen to be made up of material derived from the =face, while
the amount of material originating from previously buried positions, including a variable
percentage remaining stationary, is around 60% to 70% of the total for the Monachyle and
70% to 80% for the Dubhaig.
The other searches show a greater percentage, 91% to over 99%, of the previously
buried total remaining stationary. For some of these searches this increased stability is
noted for all the burial states and is associated with the periods of inactive summer base
flow at the field sites (search 5 of the Monachyle and search 10 of the Dubhaig) just as
those searches not included on the diagram (search 6 of the Monachyle and searches 3, 4
and 9 of the Alit Dubhaig) would yield 100% tracer stability. Search 2 of the Monachyle
yields a buried stability figure of 100%, but this is based upon the behaviour of just one
stone buried at the time of search 1 and is not taken as being very representative. The
remaining searches showing a high percentage of buried material remaining stable were all
made of the Alit Dubhaig after search 5. This search has continually been demonstrated to
be associated not just with a great increase in the percentage of buried material, obvious
from the exchange diagram, but also an important increase in the burial depths recorded for
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some tracers. The statistics presented in Section 7.5.2., which refer to a possible 42% of
material buried at the time of this search remaining in the same position from search 5 to the
end of the experiment, add an important dimension to this data as it is subsequently known
that a substantial number of static stones make up a core of the sub-group of tracer stones
remaining buried between searches.
The burial associated with search 5 on the Dubhaig was different to that recorded
after other searches because it occurred to deeper levels in the zones of preferential scour
and also occurred in areas where no vertical exchange had taken place previously or
subsequently. It is those tracers buried in these two zones which therefore formed the core
of the stable buried population. These tracers remained immobile for the rest of the
experiment because no subsequent flow scoured to as great a depth in the same locations.
The rest of the sub-surface population was buried at shallower depths in areas of
preferential scour. These could be reworked the next time scour reached their level and, for
a large number this was observed to be the case before the next full search. Other tracers
moved out of burial positions established immediately prior to search 5 before the end of
the experiment, but there is a certain amount of confusion as to when movement of these
stones occurred due to the malfunction of the magnetic locator. It is suggested that the flood
flows prior to search 12 would be responsible for substantial reactivation of buried tracers
due to their high peak discharges, second only during the experimental period to those
setting the burial storage prior to search 5.
While in temporary sub-surface storage a particle's storage potential can be
modified from that set during the burial event through the dominant scour or fill of the bed
above. Processes identified by Hassan (1990), and observed in both the Monachyle and
Dubhaig, allow a tracer's burial depth to change while the tracer itself remains in a stable
buried position. Dominant scouring would bring the clast closer to the bed surface, while
the stone would become more deeply buried if fill was dominant.
7.8.2. EFFECT OF BURIAL STATE ON TRANSPORT DISTANCE.
Analysis of data from both experimental rivers revealed no statistically significant
differences between distances moved by material belonging to different burial states either
before or after the movement. This is much the same situation as that reported by Hassan
and Church (1990) for data from various sources. These authors did, however, report a
consistent tendency for top material to move the longest distances, either before coming to
rest in such positions or after occupying them. Within tracers, termed locked, (see the
introduction to Section 7.7) were associated with intermediate distances and buried tracers
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the shortest distances. Such characteristics are partly evident in the analysis of data based
upon burial state classification prior to movement from the Monachyle Burn (Figure 7.14).
Here the shortest transport distances are associated with the buried category. Contrary to
the findings of Hassan and Church (1990) it was the within and not the top tracers that
moved the greatest distances, but since the difference between the two surface categories is
so small it is difficult to sustain this as a "real" effect. The results of the analysis of
transport distances prior to burial state classification on the Monachyle (Figure 7.19) also
shows the buried category to be associated with the shortest distance of transport, and the
within category the longest. However, the difference between the three mean values is so
insignificant that it would be difficult to realistically distinguish differences between the
categories. It is logical to expect that material buried prior to mobilisation will travel the
shortest distances. Suiface material must be mobilised first, allowing a longer proportion of
the flow event to occur before buried material can begin to move. For bed material
becoming buried a shorter mean transport distance would be explained by the presence of
the overlying material which must have still been mobile when the particle came to rest.
Hassan (1990) demonstrated the truism that particles became buried by other material
coming out of motion and being deposited over them.
The analysis of the Allt Dubhaig also revealed no statistically significant differences
in the transport distance potential of the three burial states for those individual searches with
sufficient data to permit a Mann-Whitney test. The summary plots of mean transport
distance presented did not show the behaviour reported on the Monachyle and described by
Hassan and Church (1990). The Dubhaig results (Figures 7.15 to 7.18 and 7.20 to 7.23)
all consistently showed the opposite tendency to that previously described, with tracers
buried either before or after the transport event travelling the longest distances. Within
ranked second and the top stones were associated with the shortest mean distances of
transport. Taken at an individual search scale, differences between within and top
categories were very variable, but for the majority of searches buried stones did show the
longest transport distances. Such patterns have been reported in the literature by Schick et
al. (1987a), who working on ephemeral streams, reported longer transport distances for
particles which included a period of burial in their transport histories.
It was felt that the different patterns of transport distance shown by the Monachyle
and Dubhaig would in part be connected to the patterns of bed stability already considered.
It has been demonstrated that some buried positions provide no more, or even less, stability
than surface positions. Material in these preferential scour zones have a good opportunity
of travelling as far or further than surface stones which begin motion later. It is also
possible that on the descending limb of the hydrograph some areas may still be filling as
areas of lesser scour have already stabilised.
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Unfortunately some details of the relationship between transport distance and burial
state may have been lost. As well as possible error due to the detector malfunction, as
outlined in Section 7.5, the problem considered in Sub-section 6.4.2.1 is equally applicable
here in that the transport distances are measured after a number of potentially mobilising
flows. Between each movement taken the tracer may well change its burial state. If,
theoretically, burial can limit the distance of transport at the beginning and end of transport,
an analysis which considers the burial state of a tracer during consecutive searches would
perhaps be more accurate. However, if such an approach were employed, the extra
categories involved and the numbers of tracers not found for two successive searches
would severely limit its usefulness with this particular data set. This is another good reason
for tracer set sizes to be increased along the lines suggested by Hassan and Church (1990).
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CHAPTER 8.
THREE-DIMENSIONAL TRANSPORT PROCESSES: A CONCEPTUAL 
MODEL.
Within the previous four chapters results and discussions have been presented
which consider the individual effects of flow conditions, sediment characteristics, channel
morphology and vertical exchange on the occurrence and magnitude of bedload transport.
Within each of these broad divisions relationships were identified, but because the controls
of bedload transport are complex and operate across a range of scales it is not surprising
that general patterns were often distorted or hidden. A number of variables have been
identified to influence bedload transport, but these must interact to some degree in part
disrupting or masking the influences of each other. In this final discussive chapter an
attempt is made to develop a conceptual model, based on relationships identified by this
project, which will emphasise the interrelationship of controlling variables.
8.1. A MODEL FOR 3-DIMENSIONAL TRANSPORT AND STORAGE.
The most important linkage to make between the transport parameters considered in
previous chapters concerns the interrelationships between the occurrence and magnitude of
horizontal and vertical transport, i.e. the realisation that bedload transport is a three-
dimensional process.
Throughout each stage of the analysis the primary influence of flow conditions on
bedload transport has been identified. For motion to occur a threshold flow discharge has
to be exceeded. As flow increases beyond this limit a triple division of three-dimensional
transport modes can be identified. This is based upon both the magnitude and duration of
floods generating movement, and subdivided in terms of the occurrence of horizontal and
vertical movement, transport distance and burial depth. Nomenclature is based upon the
vertical component of transport:
a Discrete surficial transport.
b Shallow exchange transport.
c Deep exchange transport.
As well as determining the nature of transport between searches, it is believed that
each of these transport modes has a distinct effect upon future mobility of bed material in
terms of the temporary bedload storage associated with each.
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8.1.1. THRESHOLD OF BEDLOAD TRANSPORT.
Within the search record for both rivers there were periods associated with no
movement of tracer material at all, namely the time represented by searches 3,4 and 9 of the
Alit Dubhaig and search 6 of the Monachyle Burn. These searches coincided with periods
of limited or base flow, typically during the dry summer months or the mid-winter when
precipitation fell as snow and did not immediately enter the discharge record. It is accepted
that for bedload motion to occur a threshold shear stress must be exceeded, therefore these
particular searches are taken to represent periods during which the discharge at each river
was not great enough to generate critical shear at that site. Section 4.4.1. gives details as to
how the values of threshold discharges were narrowed to bands ranging from 2.0m3s- 1 to
5.0m3s- 1 for the Monachyle Burn and centred about 3.5m 3s- 1 on the Alit Dubhaig. It is
considered that the critical motion threshold for a river's bed material is largely dependent
upon reach scale morphological characteristics such as gradient and water depth, which in
turn control bed shear. Threshold flow values are also partly determined by sediment
characteristics, particularly those of size and angularity. The Monachyle has an equivalent
slope to sub-reach 2 of the Dubhaig but is very much shallower, suggesting that the shear
values generated within the Dubhaig will be higher in value than those within the
Monachyle. Furthermore, the larger grain sizes, the relative abundance of flattened clasts
and increased imbrication and interlocking of the bed surface, due to the greater proportion
of angular surface material, suggest that the bed surface of the Monachyle has superior
shear strength. Both of these considerations would imply that the critical transport
discharge threshold is greater for the Monachyle than the Dubhaig, and that it's actual value
lies towards the upper end of the range quoted.
As discharge values approach and exceed the locally determined threshold values
the isolated transport of surface particles begins as the discrete surfical transport phase is
entered.
8.1.2. DISCRETE SURFICIAL TRANSPORT.
This mode of transport comprises a low incidence of bedload motion, associated
with short distances of transport, and negligible vertical exchange. Such a pattern of
movement is associated with small hydrograph peaks, such as that labelled A in Figure 8.1.
which was responsible for a limited amount of movement during search 7 of the Alit
Dubhaig.
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DATE
	
18:3:89
	
19:3:89	 20:3:89
Figure 8.1. Allt Dubhaig flood flow hydrograph 18-20:3:1989.
Flows of this general pattern are responsible for all the movement recorded by
search 10 of the Dubhaig and searches 2 and 5 of the Monachyle. The tracers moved were
typically those previously deposited on the very top of the bed, and not involved in
clustering, rendering them especially susceptible to entrainment. It is thought that the
individual clast characteristics will play their largest role within this mode of transport
because it is considered to represent the phase of greatest calibre and form selectivity at the
time of entrainment. The analyses outlined in Chapter 5 suggested that the most potentially
mobile bed material were clasts roughly equivalent to the median surface grain size, and of
an equant or prolate shape form. Variations in angularity were considered to have a lesser
role. Smaller surface clasts become trapped within the framework of the bed in interstitial
spaces between the larger, more abundant, material. Larger clasts will require a greater
shear stress to dislocate them from resting positions. In terms of shape the important
consideration would appear to be the degree of flatness, stones having a relatively short c-
axis (such as tabular or bladed clasts) are harder to displace, primarily because of the large
pivot angles required for entrainment, (as previously determined in the laboratory based
work reported by Li and Komar, 1987 and Komar and Li 1987), and the increased
occurrence of imbrication and cluster associated with flattened stones. These structural
effects are very noticeable on the Monachyle bed, and have been demonstrated in previous
studies (including Church, 1979, Brayshaw, 1983 and Reid et al. 1990) to increase
individual clast stability.
Limited vertical exchange recorded after flows generating discrete surficial
transport, such as the exhumation occurring prior to search 10 of the Dubhaig, occurs as
the result of passive vertical exchange. This being the in situ burial or exhumation of
material by movement of other bed material.
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There is no long-term storage potential for particles moving within this mode of
transport. This is because there is no associated active vertical exchange, and thus only a
very small possibility of complete, very shallow, burial by passive exchange. The post-
transportation stability of a mobile clast is set by its final resting position on the bed's
surface.
This mode of three-dimensional transport is thought likely to correspond to the
isolated horizontal movement of material noted to occur at low shear stresses by
Ergenzinger (1988) in Sub-section 2.1.3 as threshold shear stress values are approached.
8.1.3. SHALLOW EXCHANGE TRANSPORT.
Once the entrainment threshold is exceeded bedload transport is sensitive to
intensifying discharge in terms of increasing occurrence of motion, longer transport
distances and increasing amounts of shallow active vertical exchange. Active vertical
exchange involves a change in burial state accompanied by horizontal transport. During this
phase of transport mean burial depths appear to be limited to around 10cm. Such exchanges
are limited to localised sections of the bed which are subject to preferential surface break-
up. These areas of bed instability are often positioned at zones of flow convergence
(Ashmore 1982), or else are random localities believed to be determined by weaknesses in
the repair of the bed surface after the previous mobilising flow, or physical disruptions to
the bed by sheep, walkers or search excavation. A degree of passive vertical exchange and
discrete surficial transport can also occur during such a transport phase in areas remote
from active vertical exchange.
Two flow patterns are believed to be responsible for the shallow exchange
transport. In one case (Figure 8.1, peak B) high discharges are recorded which can set
Material into motion, but the short duration of the event limits the probability of a clast
moving and the number of transport steps taken by a clast set in motion, and therefore
restricts the overall distances travelled during the event. The relatively short duration of
such floods prevents the progress of bed surface disintegration from localised scour zones,
or scour to great depths. In the second case, floods are of long duration but fail to generate
the shear stress required for extensive bed break up away from the preferential scour zones.
However, material which is susceptible to entrainment, due to exposure and
sedimentological considerations (sub-section 8.1.2), has an increased probability of motion
due to the long period over which the transport threshold is exceeded. This factor is also
responsible for longer transport distances as the reactivation potential increases.
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Such events explain the active exchange between surface and buried stones shown
by searches 1, 3, 4, 7, 8 and 9 on the Monachyle and 2, 6, 7, 8, 11, 12 and 13 on the
Dubhaig. This would therefore seem to be the dominant transport mode at both sites.
Burial resulting from active vertical exchange processes represents a period of
sediment storage, however the high frequency of causal flows often renders these to be of
limited duration. Some stones buried at the very base of localised deeper scour pits can
remain in storage for longer, if scour does not occur regularly at that site.
The patterns of three-dimensional transport during this phase are considered to
correspond, in some situations, with the commonly observed pulsing or wave-like
transport identified from records of continuous bedload monitoring, as described in 2.1.3.
The progression of bed surface rupturing limits the amount of sediment in movement at one
time, with more material becoming available for transport as soon as new sections of the
bed surface break up. This regulation of the amount of bed material in motion represents a
control of bedload transport rates by temporary exhaustion of sediment supply. However,
given the different conditions under which pulsing has been observed to occur and the
range of mechanisms proposed for controlling bedload pulsing at present (Gomez et al.,
1989 and Section 2.1.2.1) it is in no way felt that all incidences of pulsing bedload
transport are explained by such a mechanism.
8.1.4. DEEP EXCHANGE TRANSPORT.
DATE	 13:1:89
	
14:1:89	 15:1:89	 16:1:89	 17:1:89
Figure 8.2. Alit Dubhaig flood flow hydrograph 13-17:1:1981.
High levels of transport which extend deeply into the sub-armour layer were
recorded during search 5, and to a lesser extent search 1, of the Dubhaig. These searches
were preceded by powerful flows which exceeded bankfull discharge and were of long
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duration. Figure 8.2 shows part of the multi-peaked hydrological record immediately prior
to search 5 of the Dubhaig.
As the shear stresses acting on the bed increase, the break up of the surface layer
spreads from the areas of initial localised scour which had been exploited during the
immediately preceding stage of shallow exchange transport. A high percentage of the cover
layer is lost, and widespread deep scour occurs with active exchange transport and burial to
a depth which takes material out of active transport until the next event of similar or higher
power. Many tracers were observed not to be remobilised after deep burial before Dubhaig
search 5, remaining in storage for the remainder of the experimental period. It is therefore
this rare phase of vertical exchange transport which holds the greatest sub-surface storage
potential. As so much of the cover layer is removed at such high flow the occurrence of
horizontal movement is also high, and the long duration of flows exceeding the transport
threshold allows long transport distances to develop. If the parallels drawn with previously
recognised horizontal bedload transport modes are to be sustained, this period of extensive
motion is probably most akin to the concept of carpet transport considered in Sub-section
2.1.3. However even search 5 of the Dubhaig saw some material occupying both sub-
surface and surface positions remaining immobile, indicating that certain areas of the bed
had remained stable, and therefore that a full traction carpet had not developed.
Storage potential set by the major floods can be altered by smaller events which are
able to move material closer to the bed surface when scour is dominant, thereby increasing
the potential for re-entrainment by flows smaller than that causing the initial burial.
Alternatively, if fill is the dominant process over the course of a flood then material buried
outside the scour range of that flood will have become more deeply buried and therefore
potentially more stable. These changes in the transport/storage potential of stationary
individual clasts within the sub-surface represent another variant of passive vertical
exchange.
Over-bank conditions were observed by the author at the Monachyle Burn as well
as the Alit Dubhaig, especially during the period of snow melt brought about by frontal rain
in the spring of 1989. The incidence of horizontal and vertical tracer redistribution and the
increased range of horizontal transport distances during inter-search periods made at these
times on both rivers were the highest recorded (allowing for the discrepancies of first
search data, outlined in Section 4.5). However, the burial depths recorded for search 3 of
the Monachyle suggest that conditions resembling the deep exchange transport mode
identified for search 5 of the Dubhaig did not develop at this time. Also, the storage
potential associated with burial during the flows prior to Monachyle search 3 were seen in
Chapter 7 to be up to 40% less than with search 5 of the Dubhaig. This again suggests a
greater structural stability for the surface layer of the Mon achyle (sub-section 8.1.1), even
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to the extent of resisting widespread surface break-up and deep exchange transport at
discharges greater than overbanlc values.
There are no threshold discharge values marking the transitions between each of the
three dimensional transport modes identified in this chapter. Instead the 3 phases are
associated with a continuum based on rising discharge. The larger a flow event, and
normally a high peak discharge is synonymous with a long duration, the greater will be the
occurrence of horizontal and vertical movement, and the larger the associated transport
distance and burial depth range. Due to the increased scouring potential of floods with high
peak flows it is these which have the most marked effect upon temporary sub-surface
storage.
8.2. THE DISRUPTING INFLUENCE OF MACRO-SCALE BED MORPHOLOGY.
In Chapters 6 and 7 the roles of pools and riffles within the three dimensional
sediment flux were seen to be unclear. However, an important relationship was determined
in relation to the occurrence and magnitude of transport associated with bar material. The
pattern of storage associated with bars is believed to represent the source of the greatest
variation from transport and storage patterns associated with flow driven three-dimensional
transport model presented in Section 8.1.
Chapter 6 demonstrated a major difference between the role of bar storage on the
two test rivers, and this helped to determine that it was bar elevation which was the
important control in terms of the storage potential of individual bar units. On the
Monachyle, where bars were all relatively low, no reach scale bar storage effects were
noted. On the Alit Dubhaig, where a wider range of bar heights existed, some storage
effects were determined which generally involved material deposited upon bars showing
increased stability. There was no evidence to suggest that bars acted as sediment traps
prematurely removing material from motion. Instead the numbers of tracers located on bars
were roughly proportional to the percentage of the area of individual reaches made
represented by exposed bar material. There was also no evidence to suggest that material
deposited on bars displayed truncated transport distances.
The mechanism for temporary bar storage is remarkably similar in principle to sub-
surface temporary storage, with the process itself actually being controlled to a large extent
by flow conditions. The lowest bars, overtopped by all the floods resulting in bedload
transport, do not provide any extra stability compared to other parts of the channel bed.
When increasingly higher bars are considered the number of flows which over-top them
decreases, therefore material deposited on them can not possibly be reentrained until a
similar or larger flood again submerges the bar. Therefore material deposited on high bars
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at times of high flow is physically taken out of the active system in a similar fashion to the
material buried deeply within the scour layer during very large floods.
A more detailed study of three-dimensional storage within bars was considered to
be of limited value due to restrictions imposed by small class sizes resulting from sub-
division of the relocated tracer set based upon a combination of burial state and
morphological position. However it would be expected, given the other findings reported,
that material buried in a high bar would be more stable than that deposited on the top of the
same bar. A hierarchy of bar material stability, based on bar top elevation above the
thalweg, and burial depth within the bar, is likely.
8.3. APPLICABILITY OF THE PROPOSED MODEL.
Although both the Allt Dubhaig and the Monachyle Burn yielded widely contrasting
results, the model proposed does account for most of these differences. If the appropriate
characteristics of a reach are known the general pattern of bedload transport process should
have a degree of predictability. However, given the complex and perhaps even stochastic
nature of interrelationships between the range of the variables considered within this study,
no one quantitative relationship could be expected to explain fully and then predict the
future incidence and magnitude of transport, even within a single gravel bed river. Such a
consideration is vividly illustrated by the degree of variability between the three
experimental sub-reaches of the Dubhaig. It should, however, be remembered that the Alit
Dubhaig is a rather special case. The imposed gradient initiates morphological and process
changes over a much shorter long profile length than is typical (Ferguson and Ashworth
1991).
Despite the rather negative conclusion that consistent quantitative relationships are
hard to derive based upon site specific empirical investigations such as this, the worth of
this study and others like it should not be understated. Although the findings are difficult to
generalise into the basic components required by mathematical models, the work of the
theorist and the empiricist are of immense importance to each other. Advances made in
either field can be used to augment work in the other. Mathematical modelling techniques
being developed by Hassan and Church (1991) concerning transport distance, or the
continuing refinements being made to bedload transport equations based on the likes of the
Meyer-Peter and Muller (1948) or Einstein (1950) models can play an invaluable role in
adding some degree of quantitative detail to conceptual models like the one presented.
Conversely, the collection of increasingly more detailed and accurate field measurements
provides the modellers with an increased data base and an insight into the areas which
require their greatest attention. For example, a mathematical expression of transport rate or
distance derived for a single stable reach should provide a reasonable amount of predictive
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accuracy so long as sedimentological and morphological characteristics remain constant.
Furthermore, comparison of local quantitative relationships between flow parameters and
bedload transport made with consideration of variations in sedimentology and morphology
should help add greater clarity to the nature of the specific influence of such variables.
Material which can then be used by the modeller in an attempt to quantify such controls.
8.4 FUTURE RESEARCH.
Further detailed field research into the transport responses associated with each of
the individual experimental variables considered in this thesis, namely flow, bed
sedimentology, and bed morphology (particularly the specific role of bars in storage
processes), would be useful in clearly defining the nature and importance of each within the
framework of the conceptual model proposed. Particularly fruitful, as suggested earlier in
this thesis, would be a consideration of two or more of the variables acting together. Thus
an assessment of transport patterns based upon the nature of bed material derived using a
single classification involving size, shape and angularity, and perhaps more, would be
useful. Another detailed analysis could be based around a location classification involving
a combination of morphological position and burial state. Such an approach is under
consideration with the data set presented within this thesis, although as noted previously
such an analysis ideally requires larger magnetic tracer sets to be employed. The cost for
this greater clarity and precision is a great deal of hard work and time which, in a perennial
stream, introduces major problems in recovering tracers and a greater potential for error due
to bed reactivation during searches. Increased man power would be the simplest solution to
this particular difficulty. Despite the identification of such problems it is considered that the
translation of the magnetic tracing technique from desert to temperate upland gravel bed
river was very successful. The method is highly recommended. Its use in conjunction with
static magnetic bedload monitors, in order to determine transport rates, or in conjunction
With a smaller set of radio transmitter tracers to define the nature of individual clast
movements should be encouraged. Study over a longer time-scale is also recommended as
this would allow further development of the concepts of temporary storage. Once buried
many tracers in the Allt Dubhaig were not remobilised during the remaining experimental
period, it would have been very useful to have known the range of flow needed for their
subsequent remobilisation. The ability to monitor vertical exchange rate stability for a
longer period once theoretical equilibrium conditions had been achieved would be very
useful.
At present (Autumn 1991) the principal location for this study, the Alit Dubhaig, is
the site of a large scale project in which a variety of techniques, including further magnetic
tracing studies, are being employed in a wide ranging study of bedload transport (Ferguson
et al. 1991). At the Monachyle Bum the magnetic tracer set remains in the river. It is hoped
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to continue the study over a longer time-scale (Werritty Pers. Comm.). Both sites have
proved to be of great interest for the purposes of this thesis, and hold out promise for
further profitable investigations of bedload transport in small gravel bed streams.
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CHAPTER 9.
SUMMARY AND CONCLUSIONS 
Although a number of variables which influence gravel bed river transport rates and
patterns have been identified, there is still inconsistency between the results of empirical
approaches to study and data collected in the field. The reasons for the discrepancy are
partly due to the difficulties of field measurement given the complexities of the natural
system, and partly to a lack of consideration for the nature of interactions between the range
of variables involved. This project was developed to provide a detailed field-based
understanding of relationships between individual river characteristics and the observed
occurrence of bedload transport, and also to try and integrate these to produce a conceptual
model describing their interrelationships.
The specific river characteristics assessed were:
i. Flow conditions.
ii. Sedimentary properties of the bed material.
Bed morphology.
iv. Vertical exchange between bed surface and sub-surface.
Magnetic tracing experiments were initiated in reaches of two gauged Scottish
Highland gravel bed rivers, the Allt Dubhaig and the Monachyle Burn. Surface bed material
from each of the sites was collected, manufactured into tracers and then re-introduced into
the river. In total the Alit Dubhaig study involved 600 tracers seeded into three sub-reaches
which, when considered together, amounted to a single reach 750m in length. The
Monachyle experiment was on a smaller scale and involved the seeding of 200 magnetic
tracers into a reach approximately 300m in length. Each tracer was individually identifiable
and its size and form characteristics known.
Over a 17 month period after seeding the tracer stones were redistributed
horizontally and vertically. Mobilising flows were associated with floods resulting from
frontal rainfall during autumn and winter, and a combination of frontal rainfall and snow
melt in the spring. During the experimental period 13 searches of the Dubhaig were
undertaken, 10 of which saw changes in tracer distribution. On the Monachyle there were a
total of 9 searches made, 8 of which revealed some degree of tracer movement. On
relocation the precise position of each tracer was noted to enable determination of its
transport distance since the previous search. Note was also made of a tracers morphological
position (bar, pool, riffle or undifferentiated channel) and its burial state (top of the bed,
within the surface layer, or buried), with the depth of cover being recorded where
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applicable. Despite problems of bed reactivation and tracer locator malfunction the overall
recovery rates achieved were excellent, typically over 80% on the Alit Dubhaig and over
90% on the Monachyle, yielding a large data set which formed the basis for the extensive
analysis reported in the thesis
The occurrence of tracer mobility was found to be primarily determined by the
discharge variables of magnitude and duration above an entrainment threshold which is
specified by local reach characteristics. Flows of increasing discharge above the threshold
exert increasingly greater shear stresses onto the river bed and make entrainment of material
more likely to occur. Increased duration of a transport event raises the probability that
motion of individual clasts will occur, and also increases total transport distances due to
greater incidence of re-entrainment.
Consideration of the sedimentary characteristics of the tracer sets yielded a mixed
set of results. It was largely found that transport distances were not clast size dependant,
therefore implying conditions of equally mobility. However on aggregation of the data
there was seen to be a tendency for increased mobility of a sub-set of tracers roughly
approximate to the median size of the bed-surface material. The transport of smaller
material was believed to be inhibited by size related hiding factors, while for larger material
greater tractive stress had to be exerted for motion to occur.
Tracer shape was found to influence mobility according to the degree of clast
flatness. Material with relatively short c-axes appeared to be inhibited in terms of recorded
transport distances, very likely as a result of the roles of pivoting angles and bed surface
packing. The role of clast angularity in determining an individual particle's mobility
potential was seen to be rather more questionable with no consistent relationships apparent.
It was recognised that both shape and angularity were important in determining the
' structure of the bed surface layer, which was one of the primary controls for the
determination of motion thresholds.
When the role of bed morphology was assessed it was found difficult to determine
patterns for riffles and pools. This was believed to be due to complications arising from the
way data was collected, coupled with differences in flow behaviour over these
morphological units under varying flow conditions. The work did, however, highlight the
extremely important role of bars acting as bedload transport regulators by representing sites
of preferential bedload storage. The results for the Alit Dubhaig showed a decreased
incidence of mobility for tracers located on bars. Differences in the importance of bar
storage between the two rivers and at the sub-reach scale indicated that the major control on
a bar's storage potential was its height above the mean flow stage. This controls the
duration of bar submersion, and hence the length of the period during which entrainment
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can occur. In general clasts deposited on high bars, as a result of increased river stage
during a large scale flood event of low return frequency, remain in storage for longer
residence periods. They can not be re-entrained until the next flow of equivalent or greater
magnitude. The results did not suggest that bars were sites of preferential trapping, as the
amount of material relocated upon bars mirrored the relative distribution of the
morphological units within a reach.
The occurrence of vertical exchange, its areal distribution and the depth of tracer
burial were found to be largely dependent upon flow magnitude and duration. When bed
erosion begins it occurs locally within zones of preferential scour, these represent the most
unstable areas of the bed surface. With time, and as discharge increases, the scour becomes
deeper, and the surface disintegration radiates away from areas of preferential scour and
begins in different regions of the bed. The concept of vertical exchange equilibrium, the
assumption that the amount of material buried is offset by an equal amount of material
exposed, was upheld at the Monachyle site while the Dubhaig appeared to be out of
equilibrium. The sub-surface layer was demonstrated to be another important site of
temporary sediment storage, with the magnitude of the flow event and hence depth of scour
determining the longevity of the storage period. Clasts buried deeply by high magnitude-
low frequency events were typically set in longer term residence, although intervening
floods could modify this storage potential due to dominant scour or fill.
In conclusion, it was determined that as an entrainment threshold, based on flow
discharge and set by local sedimentology, is approached motion will begin. The model of
bedload transport proposed, which takes into consideration all of the experimental findings,
divides the ensuing transport into 3 phases:
i. Discrete surficial transport. Low incidence of transport, short transport distances,
' negligible vertical exchange and no storage potential.
ii. Shallow exchange transport. Higher incidence of transport, longer transport
distances, limited vertical exchange to shallow depths (<10cm) in areas of preferential
scour. Limited storage potential within the bed sub-surface and on bars of low-medium
relief.
iii. Deep exchange transport. High incidence of transport, long transport distances,
extensive vertical exchange to greater depths. High storage potential deep within the bed
sub-surface and on high bars.
\ The magnetic tracing technique proved to be useful and reliable in a perennial
upland gravel bed stream environment. It's future use is recommended, ideally in longer
term studies, or to augment other trapping or recording procedures. It is also suggested that
larger tracer sets would allow the consideration of aggregate characteristics such as a
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classification of bed-material based upon size and form, or a 3-D position classification
based upon a clast's morphological position and burial state, providing a greater degree of
insight into the integrated roles of the controlling variables.
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APPENDICES.
Al. TRACER DATA.	 A2
(Weight, axial lengths, shape, angularity and seeding line.)
A1.1. THE ALLT DUBHAIG.
	
A2
A1.1.1. Sub-reach 1.	 A2
A1.1.2. Sub-reach 2.	 A5
A1.1.3. Sub-reach 3.
	
A8
A1.2. THE MONACHYLE BURN. 	 All
A2. TRACER TRANSPORT DISTANCES.	 A14
A2.1. THE ALLT DUBHAIG. 	 A14
A1.2.1. Sub-reach 1.	 A14
A1.2.2. Sub-reach 2.	 A17
A1.2.3. Sub-reach 3.	 A20
A2.2. THE MONACHYLE BURN. 	 A23
A3. TRACER POSITIONS.	 A26
A.3.1. THE ALLT DUBHAIG.	 A26
A.3.1.1. Sub-reach 1.	 A26
A.3.1.2. Sub-reach 2.	 A29
A.3.1.3. Sub-reach 3.	 A32
A3.2. THE MONACHYLE BURN. 	 A35
A4. TRACER BURIAL STATE.	 A38
A4.1. THE ALLT DUBHAIG.
	 A38
A.4.1.1. Sub-reach 1.
	
A38
A.4.1.2. Sub-reach 2.
	
A41
A.4.1.3. Sub-reach 3.
	
A44
A.2. THE MONACHYLE BURN.
	
A47
Keys to abbreviations used in data tables listed as appendices to the thesis.
	
Al. Shape: P = Prolate 	 Angularity: V.A = Very angular
	
E = Equant
	
A = Angular
	
T = Tabular	 S.A.= Sub-angular
	
B = Bladed	 S.R. = Sub-rounded
R = Rounded
V.R = Very-rounded
A3. Morphological unit : B = Bar
U = Undifferentiated
R = Riffle
P = Pool
A4. Burial state: T = Top
W = Within
Sub-surface tracers are represented by burial depths measured to the nearest cm.
Al
APPENDIX A1.1.1. TRACER DATA, ALLT DUBHAIG SUB-REACH 1.
TRACER WEIGHT PI-II A-AXIS B-AXIS C-AXIS B/A C/B SHAPE ANGULARITY SEEDING
NUMBER (5) CLASS (mm) (mm) (mm) RATIO RATIO (See key) (See Key) LINE
I 66.8 <-5 5.5 31 22 036 03 P SA I
2 49.59 <-5 36 V 23 0.8 0.79 0 SR 3
3 58.21 <-5 50 28 23 0.5 032 e SR 4
4 62.78 <-5 50 29 28 0.59 0.96 P SA 2
5 70.97 <-5 76 31 24 0.41 0.77 P SA I
6 44.12 <-5 43 30 21 0.7 07 E SA 3
7 57.1.5 <-5 45 26 25 0.58 0.96 P SR 4
8 51.45 <-5 44 30 29 0.68 0.96 E SR 2
9 94.82 <-5 61 30 30 0.49 I P SR I
10 7227 <-5 49 31 29 0.63 0.94 P SR 3
11 43232 <-5 46 30 20 0.65 0.66 P SR 4
12 75.35 <-5 65 35 19 0.53 0.54 5 SR 3
13 115.91 <-5.5 44 40 40 0.91 1 5 SA 4
14 89.98 <-55 64 49 23 0.76 0.47 T SR 2
15 98.61 <-55 59 36 33 0.61 0.92 P R I
16 151.69 <-55 73 34 33 0.46 0.97 P SA 3
17 162.52 <-5.5 62 se 31 0.94 0.53 T 5.R 4
18 193.3 <-5-5 72 40 38 0.55 0.95 P A 2
19 80 <-5.5 46 33 26 0.72 0.79 E SA I
20 174.4 <-5.5 88 49 48 0.56 0.98 P SA 3
21 104.77 <-5-5 72 35 32 0.49 0.91 P SR 4
72 139.79 <-5-5 59 44 30 0.74 0.68 E SR 2
23 112.7 <-5-5 56 48 22 0.86 0.46 T R I
24 154.45 <-5.5 80 49 31 0.61 0.63 B SR 3
25 1108 <-5,5 62 49 32 0.79 0.65 T A 4
26 193.58 <-53 77 47 V 0.61 0.62 B SR 2
V 159.71 <-53 71 59 31 0.83 0.52 T SR I
28 139.91 <-53 70 55 V 0.78 0.53 T SR 3
79 148.59 <-55 70 59 31 0.84 032 T R 4
30 120.15 <-5-5 70 40 35 0.57 0.88 P R 2
31 13577 <-55 60 37 34 0.62 0.92 P SR 1
32 84.73 <-5.5 52 38 26 0.73 0.6e P SR 3
33 134.01 <-55 70 38 38 0.54 I P SR 4
34 90.15 <-5.5 62 41 32 0.66 0.78 P SA 2
35 121-58 <-53 53 46 24 0.87 0.52 T SA 1
36 12024 <-5.5 66 54 20 0.82 0.37 T V.R 3
37 95-54 <-55 56 48 44 0.86 0.92 E R 4
38 112.95 <-53 se as 20 0-78 0.44 T SR 2
39 170-89 <-55 80 so 34 042 0.68 P R I
40 117.99 <-5.5 50 50 20 1 0.4 T V.R 3
41 84.08 <-55 44 40 24 0.91 0.6 T R 4
42 1655 <-5.5 65 55 38 0.85 0.69 5 SA 2
43 123.55 <-5.5 59 41 34 0.69 0.83 5 SR 1
44 99.32 <-53 52 42 36 0.81 0.86 E SA 3
45 126.3 <-5.5 40 36 36 0.9 I 5 SR 4
46 145-35 <-55 75 54 39 0.72 0.72 5 SA 2
47 128.68 <-5.5 66 43 24 0.65 0.56 B SA 1
48 87.4 <-5.5 46 42 36 0.91 0.86 13 R 3
49 107.86 <Z3 62 36 35 058 0.97 P SA 4
50 78.62 <-55 55 43 21 0.78 0.49 T SR 2
51 119.72 <-55 70 40 25 0.57 0.62 B SR 1
52 97.65 <-53 53 39 32 0.74 0-82 5 SR 3
53 734.64 <-6 86 50 35 036 0.7 P R 4
54 268.18 <-6 82 68 28 033 0.41 T A 2
55 337.43 <-6 77 51 44 046 0.86 P A 1
56 204.64 <-6 56 53 34 0.95 0.64 T SR 3
57 32436 <-6 78 60 49 037 032 E SA 4
58 196 <-6 68 60 33 0.88 0-55 T SA 2
59 450.31 <-6 80 53 45 0.66 0.85 P SR 1
60 195.51 <-6 76 51 79 0.67 0.57 5 SR 3
61 189.65 <-6 55 52 45 034 026 E R 4
62 305.94 <-6 104 65 40 0.62 0.62 B A 2
63 233.01 <-6 69 52 ss 0.75 0-67 5 SR I
64 200.48 <-6 80 43 30 024 0.7 P R 3
65 234.18 <-6 70 51 25 0.73 0.49 T 5.A 4
66 238.96 <-6 80 60 41 0.75 0.68 5 SR 2
67 353.92 <-6 99 49 42 0.49 0.86 P A I
68 4164 <-6 63 61 58 0.97 0.95 E SA 3
69 249.34 <4 90 59 38 045 0.64 B SR 4
70 403.74 <-6 115 71 32 042 OAS B SA 2
71 361.04 <-6 100 70 V 0.7 0.34 T SA 1
72 309.52 <4 88 61 50 0.69 0.82 5 A 2
73 167.79 <-6 70 58 25 0.83 0.43 T SR 3
74 3672 <4 105 46 41 0.44 0.89 P SR 4
75 237.21 <-6 75 53 31 0.71 0.58 T SR 2
76 627.6 <4 183 70 53 0.38 0.76 P SA 1
77 252.41 <-6 85 70 35 082 05 T SR 3
78 2755 <4 94 53 30 036 0.57 8 SR 4
79 57449 <4 79 77 62 0-97 0.8 5 SR 2
80 488.71 <-6 106 80 40 0.73 05 T SA 1
81 3413 <-6 75 73 35 0-97 048 T SR 3
82 373.49 <-6 98 67 40 OAS 0.6 T SR 4
83 312.91 <-6 71 60 43 0.84 0.72 E V.A 2
84 223.94 <-6 82 50 33 041 0-66 B SR 1
85 332.77 <-6 81 69 35 0.85 0.51 T SA 3
86 170.79 <-6 89 68 17 0.76 0.25 T SR 4
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87 342.78 <-6 70 59 44 0.84 0.74 B SR 2
88 271.42 <-6 105 50 44 0.47 048 P SA I
89 331.1 <-6 66 56 52 0.85 0.93 11 SR 3
90 180.49 <-6 74 54 40 0.73 0.74 13 SA 4
91 357.18 <-6 87 55 35 0.63 0.64 B SA 2
92 190.15 <-6 68 55 47 021 0.85 E SA 1
93 313.35 <-6 101 64 44 0.63 049 P SR 4
94 160.26 <-6 50 50 32 1 0.64 T SR 3
95 313.05 <-6 86 66 53 0.77 0.8 /3 SR 2
96 220.88 <-6 80 52 31 0.65 04 B R 1
97 425.55 <-6 105 se 53 0.55 0.91 P SA 3
98 779.4 <-6 90 66 50 0.73 0.76 E SR 4
99 550.12 <-6 90 75 42 0.83 0.56 T SA 2
100 300 <-6 89 66 33 0.74 OS T R 1
101 55034 <-6 120 70 34 0.58 0.48 B R 3
102 348.67 <-6 103 79 34 0.77 0.43 T SR 4
103 2.55.92 <-6 82 55 40 0.67 0.73 P SR 2
104 205.14 <-6 96 70 27 0.73 038 T SA I
105 345.6 <-6 90 56 50 0.42 0.89 P SR 3
106 201.48 <-6 70 62 30 0.88 0.48 T SA 4
107 2804 <-6 85 54 28 0.64 0.52 B SR 2
108 7793 <-6 89 55 33 0.62 04 B SR I
109 392.62 <-6 64 55 55 0.86 I 13 SR 3
110 42635 <-6 90 70 50 0.77 0.71 E S.A 4
111 2832 <-6 74 53 41 0.72 0.77 E SR 2
112 774.8 <-6 97 60 42 0.62 03 P SR 1
113 171.79 <-6 72 SO 23 049 046 T SR 3
114 133.91 <-6 60 60 30 I OS T R 4
its 225.05 <-6 84 56 45 0.66 08 P SA 2
116 157.33 <-6 74 50 33 Ole 0.66 T R 1
117 2162 <-6 75 49 35 045 021 P SR 3
118 222.07 <-6 71 43 43 0.6 1 P SR 4
119 87209 <45 115 78 69 0.68 0.88 E SR 2
120 458.8 <-63 88 61 42 0.69 0.69 13 SR I
121 364.78 <-63 70 66 48 0.94 0.73 E SA 3
122 499.6 <-63 92 75 29 042 8.39 T SR 4
173 738.8 <-63 122 64 42 0.52 046 B SR 2
124 57141 <-63 143 69 49 0.48 0.71 P A I
125 82825 <43 86 66 65 0.77 0.98 E SR 3
126 554 65 <-63 72 72 52 1 0.72 II SA 4
177 587.15 <43 100 67 50 047 0.75 P SR 2
120 619.65 <-6.5 88 80 45 091 036 T SA 1
128 734.05 <-65 101 72 69 049 096 E S.R 3
130 10164 <-65 135 70 50 0.52 0.71 P SA 4
131 764.06 <-63 106 94 48 099 0.51 T SR 2
132 56049 <-63 100 90 30 09 033 T SA I
133 131125 <-6.5 179 81 71 0.63 048 P SA 3
134 50298 <-63 87 78 40 09 051 T SA 4
135 80633 <-63 115 95 53 0.82 0.56 T SA 2
136 6962 <-63 173 98 44 09 OAS T SA 1
137 56598 <-63 93 78 47 0.84 0.6 T SR 3
135 5757 <-63 103 70 37 0.68 053 T SA 4
139 1230 <-6-5 135 110 67 0.81 0.61 T R 2
140 462.45 <-63 95 83 53 0.87 0.64 T SA I
141 492.12 <-63 100 79 63 029 02 E SR 3
142 518.8 <-65 91 90 47 039 0.52 T SA 4
143 479.33 <-63 108 70 50 0.65 0.71 P SA 2
144 59531 <-63 100 al 60 0.83 0.72 E SR 1
145 5544 <-6.5 102 61 55 0.6 09 P S.12 3
146 5694 <-6.5 95 78 41 022 032 T SR 4
147 340.79 <-63 80 70 53 0.88 0.76 11 R-A 2
148 551.05 <-65 85 78 44 0.92 036 T SA I
149 518.72 <-65 120 100 71 043 0.21 T SA 3
150 625.4 <-65 100 73 64 0.73 0.88 E SA 4
151 17813 <-65 175 88 80 OS 0.91 P SA 2
152 502.02 <45 109 70 50 0.64 0.71 P SR 1
153 54925 <-63 122 89 45 0.73 03 T SA 3
154 90945 <-63 125 as 52 048 0.61 T SR 4
155 85431 <-63 122 as 47 02 035 T SA 2
156 1093.2 <-63 136 90 60 046 0.66 B SR 1
157 61129 <-63 114 95 50 023 053 T SA 3
158 498.14 <-65 105 89 40 0.85 0.45 T SR 4
159 93135 <43 108 93 33 046 0.35 T SR 2
160 658.64 <-63 109 86 54 0.79 043 T SR 1
161 93337 <-63 111 93 50 0.84 0.54 T SR I
162 524.77 <-63 91 ea 50 0.91 04 T SA 2
163 997.9 <-63 124 84 48 0.68 037 T A 3
164 562.05 <43 130 79 41 0.61 052 B SA 4
165 579.9 <-63 99 95 45 036 0.47 T SR 2
166 615.95 <43 94 77 47 0.82 0.61 T A 1
167 692.6 <-63 99 86 57 027 0.66 T SA 3
168 384.15 <-63 85 83 39 038 0.47 T R 4
169 5535 <-63 111 70 39 0.63 0.56 B SA 2
170 6193 <-65 95 82 36 096 0.44 T SA 1
171 478 <43 121 82 45 0.68 0.55 T SR 3
in 502.88 <.6.5 110 93 48 0.8 035 T SA 4
173 557.84 <-6.5 110 73 37 0.66 0.51 B R 2
174 583.9 <-65 110 78 sa 0.71 0.74 E SR 1
175 523.28 <-63 100 78 48 028 0.62 T R 3
A3
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176 1011.66 <-6.5 113 94 80 0.83 0.85 E SR 4
177 513.84 <-6.5 100 77 39 0.77 031 T SR 2
178 611.9 <-6.5 100 90 70 0.9 0.77 E 5.A 1
179 1451 <-7 135 100 53 0.74 0.53 T S.A 3
180 14435 <-7 170 100 55 0.59 855 B SR 4
181 1316 <-7 110 105 60 0.95 037 T S.A 2
182 2700 <-7 140 140 80 1 0.57 T SR 1
183 20142 <-7 120 95 80 0.79 0.84 E SA 3
184 1816.25 <-7 125 120 75 0.96 0.62 T SA 4
185 25933 <-7 170 120 95 0.7 0.79 T SA 2
186 1951 <-7 145 115 80 029 0.7 T SA 1
187 1706 <-7 155 130 75 0.84 038 T SR 3
188 14373 <-7 120 95 70 0.79 0.74 11 SR 4
189 13143 <-7 150 135 55 09 0.41 T S.A 2
190 1146.88 <-7 130 44 70 0.72 0.74 E SA 1
191 18305 <-7 155 124 60 0.8 0.48 T SA 3
192 16403 <-7 188 124 75 0.66 0.6 B SA 4
193 18933 <-7 120 90 90 0.75 1 s SR 2
194 1185.07 <-7 110 88 78 0.8 0.89 E SA 1
195 1533 <-7 145 107 70 0.74 0.65 T SA 3
196 19443 <-7 100 90 90 0.9 1 E SA 4
197 1800 <-7 163 99 77 0.61 0.78 P SR 2
198 23905 <-7 140 125 90 0.89 72 E R 1
199 4111.6 <-73 145 140 110 0.96 0.78 5 SA 3
200 5890 <-75 222 185 114 0.83 0.62 T SR 4
APPENDIX A1.1.2. TRACER DATA. ALLT DUBHAIG SUB-REACH 2.
TRACER
NUMBER
PHI
CLASS
WEIGHT
(g)
A-AXIS
(nen)
B-AXIS
(nen)
C•AXIS
(1=e)
B/A
RATIO
C/B
RATIO
SHAPE
(See Key)
ANGULARITY
(See Key)
SEEDING
LINE
201 <-5 45.31 41 28 21 0.68 0.75 E SR 6
202 <-5 3593 44 36 19 0.82 0.53 T SR 5
203 <-5 4996 SO 30 23 0.6 0.77 P SR 7
204 <-5 41.52 46 29 29 0.63 0.69 P SR 8
205 <-5 54.91 so 37 20 0.62 054 T R 6
206 <-5 56.87 50 31 V 0.62 0.87 P SR 5
207 <-5 61.79 43 26 26 0.6 1 P 0-R 7
208 <-5 5219 62 32 21 0.52 0.66 B 5.R 8
209 <-5 36.04 45 31 16 0.69 052 T SA 6
210 <-5 4749 50 30 24 0.6 0.8 P S.A 5
211 <-5 41.09 44 26 21 039 0.81 P SA 7
212 <-5 58.91 50 35 19 0.7 034 T R 8
213 <-5 60.17 50 31 V '0.62 0.94 P A 6
214 <-5 56.3 55 35 2.5 0.64 0.71 P A 5
215 <-5 56048 45 31 30 0.69 0.97 E 0-A 7
216 <-5 36.09 38 V 16 0-76 035 T SR g
217 <-5 41.15 44 36 21 0.82 0.58 T S.R 6
218 <-5 35.4 34 30 21 0-82 0.7 13 SA S
219 <-5 4692 46 V zs 058 0.92 e SA 7
200 <-5 35.20 41 V 26 0-71 09 E S.R 8
221 <-5.5 106.33 66 40 23 0.61 058 B SA 6
222 <-5.5 96.32 57 45 31 0.79 0-69 E SR S
223 <-55 155.07 73 45 40 0.62 0-89 P R 7
224 <-55 15124 68 52 30 0.76 0.58 T SR 8
225 <-53 16936 110 40 22 0.36 055 B A 6
226 <-53 121.95 62 52 34 0.84 0.65 T SR 5
727 <-53 123.9 65 40 75 0.62 0.62 B A 7
ne <-53 10634 71 36 25 0.51 0.69 P S.R 8
229 <-53 14321 71 45 35 0.63 0.78 P A 6
230 <-5.5 13297 60 45 34 0.75 0.76 E S.R 5
231 <-65 151.33 76 47 M 062 0.47 B 0.0. 7
232 <-55 17488 79 41 40 0.52 0.98 P 5.0. 8
233 <-5.5 142.6 65 40 V 0.62 0.72 P SR 6
234 <-5.5 162.68 63 45 38 0.71 0.84 E SA 5
235 <-5.5 10796 SS as 28 064 OA e S.R 7
236 <-5.5 90.7 66 40 27 0-61 0.68 P SA 8
237 <-5.5 151.38 61 41 V 0.67 046 B S.R 6
238 <-5.5 105.7 64 31 28 0.48 0-9 P SR 5
239 <-5.5 119.6 65 38 25 0.58 0.66 B SR 7
240 <"53 110.38 53 40 31 0.75 0-78 E SR 8
241 <-5.5 1115 54 49 V 0.91 059 T SR 6
242 <-53 103.45 49 as n 0.92 058 E SR S
243 <-5.5 1202 se 44 30 0-76 0.68 E R 7
244 <-5.5 78.62 59 41 20 0-69 0.49 T SR 8
245 <-53 15251 70 45 28 044 052 8 A 6
246 <-53 972 60 37 30 0.62 0.81 P SR 5
247 <-53 107.61 56 48 33 056 0.69 E A 7
248 <-5.5 6639 50 47 21 054 0.45 T A 8
249 <-5.5 875 54 35 27 0.65 0-77 P 0-A 6
2.50 <-5.5 82.25 67 47 10 02 021 T R 5
251 <-53 109.23 57 40 27 02 0-68 E A 7
252 <ZS 85.08 63 38 26 0.6 0.68 P A 8
253 <-53 149.27 75 60 35 02 0.58 T SA 6
254 <-53 115.92 54 43 40 0.8 0.93 E R 5
255 <-5.5 892 SO 50 40 1 02 E S.A 7
256 <-53 99.91 57 40 30 07 0.75 13 SR 8
257 <-53 6633 45 33 30 0-73 0.91 E SR 6
258 <-5.5 8333 SS 45 25 0.82 0.56 T SR 5
259 <-5.5 97.02 55 45 30 022 067 T SA 7
260 <-5.5 7403 49 46 30 0.94 0.65 T SR 8
261 <-5.5 11191 so 49 34 0.82 0.69 E SA 6
262 <Z3 6124 50 48 23 096 0-48 T A 5
263 <-5.5 91.69 53 44 31 0-83 03 B SR 7
264 <-53 9992 45 40 31 0.89 0.78 E SA 8
265 <-55 15072 80 39 30 0.49 0.77 P SR 6
266 <-53 8545 47 39 30 0.83 0.77 E SR 5
267 <-53 86.34	 • 43 31 30 0.72 0.97 E SR 7
268 <-5.5 166.49 79 54 34 0.68 053 T SR 8
269 <ZS 117.23 60 40 40 0.67 I 13 0-0. 6
270 <-53 121 65 44 26 058 059 T S.A S
331 <-5.5 11934 55 48 34 027 0.71 13 S.A 7
372 <-5.5 1052 54 40 30 0-74 0.75 E SA 8
333 <-55 92.97 70 48 21 0.68 0.44 T SA 6
274 <-5.5 995 57 33 28 058 0.85 P SR S
V5 <-5.5 77.49 53 45 79 0.85 0.64 T S.A 7
276 <-5.5 7237 51 37 29 0.72 0-78 E SA 8
227 <-53 130.67 59 45 23 0-76 051 T SR 6
378 <-53 573 45 40 25 0.89 0.62 T SR S
239 <-53 7326 39 38 38 0-97 1 E SA 7
280 <-55 76.69 46 43 N 0-93 0.67 T SA 8
281 <-6 2.58.06 82 71 24 0-86 0-34 T SA 6
282 <-6 31198 82 80 45 0.96 056 T A 5
283 <-6 191.9 77 54 V 02 MS T A 7
284 <-6 245.46 85 60 35 07 0.58 T R 8
785 <-6 449.53 114 86 40 0.75 0-46 T SA 6
286 <-6 238.14 68 65 40 0.96 0.62 T 0-0. 5
A5
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297 <-6 238.85 100 51 50 0.51 0.98 P A 7
268 <-6 31524 80 61 45 0.76 0.74 Et SA 8
289 <-6 198.84 85 74 21 0.87 0.78 T SA 6
290 <-6 336.6 90 58 46 0.64 0.79 P 5.0. 5
VI <-6 22533 79 63 32 08 08 T SR 7
292 <-6 20229 61 53 38 0.87 0.72 B SA 8
293 <-6 24524 80 60 38 0.75 0.63 T SR 6
294 <-6 306.62 90 52 42 0.58 0.81 e 5,4, 5
795 <-6 378.23 62 55 50 0.89 0.91 B SR 7
296 <-6 43491 92 68 37 0.74 0.54 T SR 8
287 <-6 174 69 52 41 0.75 0.79 a V.A 6
298 <-6 3007 95 45 33 0.47 0.73 P SA s
799 <-6 475.02 95 55 55 058 1 P SA 7
300 <-6 212.35 72 57 V 0.79 0.47 T SA 8
301 <-6 144.6 60 44 32 0.73 0.73 B A 6
302 <-6 29128 72 56 38 0.78 0.68 13 SR 5
303 <-6 28925 90 80 46 0.89 053 T SA 7
304 <-6 461.04 125 49 40 0.39 032 P SR 8
305 <-6 28575 112 53 32 0.47 08 e SR 6
306 <-6 26431 91 54 30 0.59 0.56 B SR 5
307 <-6 24628 76 65 35 0.86 034 T SR 7
308 <-6 352.71 71 55 50 0.77 0.91 E a 8
303 <-6 433.07 107 48 45 0.45 0.94 P SR 6
310 <-6 232.5 90 75 25 0.83 0.33 T SR 5
311 <-6 235.23 79 56 52 0.71 0.93 13 SR 7
312 <-6 13028 78 63 12 0.81 0.19 T SR 8
313 <-6 327.12 78 57 30 0.73 053 T SA 6
314 <-6 177.16 65 53 33 0.82 0.62 T SR 5
315 <-6 365.65 72 SO 42 0.69 0.84 B 50. 7
316 <-6 25785 70 50 45 0.71 0.9 E SR 8
317 <4 250.28 74 59 41 08 0.69 8 SA 6
318 <-6 16723 61 60 32 0.98 0.53 T SA 5
319 <-6 3602 80 75 43 0.94 037 T SR 7
320 <-6 185.64 70 44 36 0.63 022 P SR 8
333 <-6 22085 75 65 32 0.87 0.49 T SR 6
322 <-6 19586 77 60 38 0.78 0.63 T SA 5
323 <-6 17423 60 ss 30 022 034 T SR 7
324 <-6 333.7 74 47 40 0.64 5.85 P SR 8
325 <-6 300.08 95 64 49 0.67 0.76 B SA 6
326 <-6 238-57 70 59 37 0.84 0.63 T SR 5
337 <-6 212.13 88 60 40 0.68 0.67 13 SA 7
328 <-6 27881 98 78 28 08 0.36 T SR 8
323 <-6 286.44 65 70 65 0.82 0.93 E SA 6
330 <-6 184.35 71 55 40 0.77 0.73 13 SR 5
331 <-6 23586 76 70 26 0.92 0.37 T SA 7
332 <-6 27626 80 72 60 0.9 0.83 e 8,4 8
333 <-6 265.77 65 60 32 0.92 033 T SR 6
334 <-6 265.42 70 55 40 0.78 0.73 E SA 5
335 <-6 303.67 60 51 50 5.85 085 E SA 7
336 <-6 246.4 70 55 40 0.78 0.73 B SR 8
337 <-6 19199 77 63 w 0.82 0.46 T SA 6
338 <-6 12698 52 51 30 0.98 0.59 T SA 7
339 <-6 17635 69 60 38 0.87 0.63 T SA 5
340 <-6 20437 70 50 40 0.71 08 E SR 8
341 <-6 21658 73 51 39 07 0.76 E SA 6
342 <-6 196.05 66 53 45 OA 035 B SA 5
343 <-6 189.56 63 55 45 0.87 0.82 E SA 7
344 <-6 252.47 70 50 46 0.71 0.92 E 5A 8
P45 <-6 20083 60 50 40 0.83 08 Fl SR 6
346 <4 22033 75 60 30 0.8 0.5 T R 5
347 <-6.5 814.35 117 100 70 0.85 0.7 T SA 7
348 <-6.5 933.13 130 89 39 0.68 5.44 T SA 8
349 <-6.5 5602 93 58 53 032 0.91 P SA 6
350 <-6.5 458.45 115 75 60 0.88 0.8 E SR 5
351 <-6.5 676.42 83 75 SO 0.9 0.67 T SR 7
352 <-6.5 79534 110 65 65 0.59 1 P SR 8
353 <4.5 86834 87 84 61 0.98 0.73 E A 6
354 <-6.5 90574 95 90 61 0.95 0E8 T SR 5
355 <-65 72538 137 90 48 0.71 0.53 T SR 7
356 <-6.5 768.06 90 77 50 0.86 0.65 T SA 8
357 <-6.5 519.78 1011 85 SS 0.78 0.65 T SR 6
359 <-6.5 48621 105 65 44 0.62 0.68 P SR 5
359 <-6.5 892.73 89 79 70 OM 0.89 E SR 7
360 <-63 81924 120 91 65 0.76 0.71 E SR 8
361 <-6.5 4662 119 80 48 0.67 0.6 T SA 6
362 <-6.5 102023 131 96 62 0.73 0.64 T SA 5
363 <-6.5 62328 124 es 54 0.68 0.63 T SR 7
364 <-6.5 303.18 102 87 22 0.85 0.25 T SR 8
365 <-6.5 972.37 113 84 84 074 1 E SR 6
366 <-6.5 300.91 78 65 52 033 02 E SA 7
367 <-6.5 912.7 124 100 60 0.81 0.6 T R 7
368 <-6.5 625.4 117 86 47 0.74 0.55 T SA 8
369 <-6.5 801.36 In 70 62 0.57 0.88 P SA 6
370 <-6.5 68856 65 63 60 0.97 0.95 E SA 5
371 <-6.5 523.96 86 66 48 0.77 0.73 E R 7
372 <-6.5 388.37 79 69 53 0.87 0.77 B SR 8
373 <-6.5 65887 112 65 52 0.58 08 P SA 6
374 <-6.5 6793 133 82 43 0.62 0.52 B SR 5
375 <-6.5 56982 82 n 60 0.88 0.83 e sA 7
A6
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376 <-65 74591 as 70 65 0.82 0.93 B SA 8
377 <-6.5 713.64 85 70 48 0.82 0.68 8 SR 6
378 <-6.5 659.03 116 78 65 0.67 0.83 B A 5
379 <-6.5 365.19 80 75 47 0.94 0.63 T SR 7
380 <-6.5 5692 100 70 64 02 0.91 B R a
381 <-6.5 62697 100 80 56 02 0.7 13 SA 6
382 <-62 25959 105 90 18 0.86 0.2 T S.R 5
383 <-6.5 54038 95 80 42 0.84 0.52 T SR 7
384 <-6.5 658.92 119 75 48 0.63 0.64 B SA 5
385 <-6.5 556.13 80 80 50 1 0.62 T 5.R 6
386 <-6.5 899.38 150 74 60 0.49 021 P SA 5
387 <-6.5 1027.1 115 83 80 0.72 0.96 B S.R 7
388 <-6.5 1458 117 85 79 0.73 0.93 a 5.R 8
389 <-6.5 49624 103 89 37 089 0.42 T SR 6
390 <-6.5 949.6 122 77 67 0.63 0.87 P SA 5
391 <-7 2333 141 121 119 0.86 0.98 E SA 7
392 <-7 16685 140 120 82 026 0.68 B 5.10 8
393 <-7 2555 211 100 73 0.47 0.73 P S.R 6
394 <-7 2000 135 108 98 02 0.91 8 5.10 5
395 <-7 1097.55 121 111 60 0.92 0.54 T 5.10 7
396 <-7 2150 144 1/1 80 0.77 0.72 B 5.10 8
397 <-7 2024.6 135 104 85 0.77 0.82 B 5-A 6
398 <-7 2296 178 114 72 0.64 0.63 B 5.R 5
399 <-7 1539 120 97 88 021 0.91 & 5.10 7
400 <-7 292525 215 135 81 0.63 02 B 5.10 8
APPENDIX A1.1.3. TRACER DATA, ALLT DUBHAIG SUB-REACH 3.
TRACER WEIGHT PHI A-AXIS B-AXIS C-AXIS B/A C/B SHAPE ANGULARITY SEEDING
NUMBER (8) CLASS 0=0 (rem) (rem) RATIO RATIO (See key) (See key) LINE
401 40 <-5 39 26 22 0.67 0.85 P SR 12
402 83.06 <-5 63 30 28 0.48 0.93 P SR 9
403 34.81 <-5 35 32 19 0.91 059 T SA 12
404 43.95 <-5 42 V 27 0.69 0.93 a SR 10
405 25.14 <-5 34 33 21 0.97 0.64 T SR 12
406 36.17 <-5 42 25 20 0.6 0.8 P SR 9
407 31.74 <-5 39 31 15 0.79 0.48 T R 10
408 36.11 <-5 31 25 25 0.81 I 13 SA 12
409 61.99 <-5 60 V V 0.45 I P SR 11
410 44.2 <-5 39 28 V 0.72 0.96 E SA 9
411 65.98 <-5 50 30 22 0.6 0.73 P SR 10
412 41.1 <-5 62 30 25 0.48 053 P A 12
413 21.39 <-5 36 26 14 0.72 0.54 T R 11
414 2016 <-5 30 25 18 0.83 0.72 E SR 9
415 30.8 <-5 43 27 15 0.63 0.56 B SR 10
416 5222 <-5 40 37 25 0.92 0.68 T SR 12
417 23.68 <-5 33 25 17 0.76 0.68 T SR 11
418 50.03 <-5 49 27 21 0.55 0.78 P SR 9
419 52-63 <-5 47 40 25 0.85 0.62 T SA 10
420 24.69 <-5 27 26 24 0.96 0.92 a ER 12
421 41.73 <-5 44 31 24 0.7 0.77 E SR 11
422 28.14 <-5 41 22 17 054 0.77 P ER 10
423 41.15 <-5 40 30 25 0.75 0.83 a SA 9
424 54.7 <-5 48 26 26 0.54 1 P S.A 10
425 70.63 <-5 60 V 24 0.45 0.89 P SA 12
426 41.65 <-5 44 40 24 0.91 02 T S.A 11
477 5049 <-5 55 36 26 0.65 0.72 P ER 9
428 53.89 <-5 55 79 V 0.53 I P SA 10
428 44.69 <-.5 40 32 23 0.8 0.78 II SR 12
430 60.19 <-5 57 33 19 058 0.59 B S.A II
431 48.12 <4 45 31 21 0.69 0.68 II SR 9
432 58.11 <-5 55 33 20 0.6 0.61 B SR 12
433 13825 <-5.5 61 36 79 0-59 02 P SA 12
434 102.34 <-65 60 35 25 058 0.71 P SR 11
435 117.34 <43 70 55 V 0.78 0A2 T SA 9
436 111.6 <-55 54 SO 34 0.92 0.69 T SR 10
437 87.77 <-55 77 41 17 0.53 0.41 B S.A 12
438 126.68 <45 69 N 35 0.56 0.9 P ER II
439 106.13 <-55 72 52 17 0.72 0.33 T SA 9
440 100.03 <-55 70 39 18 036 0.46 B ER 10
441 15034 <45 61 49 79 02 059 T ER 12
442 112.21 <-53 63 46 33 0.73 022 E. SR 11
443 179.87 <-55 55 48 31 027 0.64 T SR 9
444 126.85 <-55 60 34 30 0.6 023 P ER 10
445 7877 <.55 47 34 V 0.72 0.79 E SA 12
446 12234 <-53 51 37 30 0.72 0.81 a SR 11
447 113.39 <-55 62 45 37 0.72 0.82 II ER 9
448 101.82 <-65 57 42 II 0.74 0.81 a SR 10
449 1502 <45 80 50 24 0.62 0.48 B SR 12
450 104 <-55 82 45 17 US 0.38 B R 11
451 89.16 <-55 70 41 19 058 0.46 B SA 9
452 119.42 <-53 62 41 30 0.66 023 P SA 10
453 9626 <-55 52 50 V 0.96 034 T ER 12
454 8359 <-55 55 46 31 024 0.67 T SR 11
455 8637 <-55 55 49 25 0.89 051 T SR 9
456 112.75 <-55 55 51 37 0.93 0.72 E SR 10
457 82.31 <-55 47 39 29 023 0.74 E SA 12
458 122.33 <-55 88 35 79 0.4 0.83 P SR 11
459 5936 <-55 54 37 23 0.68 0.62 T SA 9
460 180.96 <-53 70 40 35 0.57 0.88 P SR 10
461 7956 <-55 60 47 24 0.78 051 T A 12
462 13458 <.55 69 43 29 0.65 1164 a SR 11
463 86.49 <-53 50 40 25 02 02 E SA 9
464 77.8 <-55 63 35 23 056 0.66 B SR 10
465 119.08 <-55 71 43 31 0.6 0.72 P R 11
466 149.85 <-53 65 SO 28 077 056 T SR 11
467 112.97 <-53 54 40 39 0.74 0.98 E ER 9
468 62.28 <-55 86 45 40 0.52 0.89 P SA 10
469 11659 <-53 78 39 V 05 056 B SR 12
470 160.42 <-53 85 46 39 0.54 0.85 P SA II
471 77.24 <-53 45 40 a 0.89 0.55 T SA 9
472 8775 <-53 48 45 31 0.94 0.69 a SA 10
473 106.96 <45 55 41 30 0.74 0.73 B ER 12
474 1283 <-53 64 42 31 0.66 0.74 e ER 11
473 83.41 <-55 42 40 31 0.95 0.78 13 SR 9
476 81.02 <-53 59 30 30 051 I P A 10
477 153.72 <-55 74 44 40 0.59 0.91 P SR 12
478 9457 <-55 49 39 34 02 0.87 13 ER 11
479 186.36 <-6 80 44 31 055 02 e SA 9
480 246.05 <-6 78 49 42 0.63 0.86 e SR
10
481 10975 <-6 81 67 15 0.83 033 T S.A II
482 210.21 <-6 68 57 48 0.84 0.84 8 SR 11
483 288.94 <-6 117 47 V 0.4 037 B
SR 9
484 236.27 <-6 82 55 34 0.62 0.62 E
ER 10
485 204.86 <-6 65 55 34 0.85 0.62 T
ER 12
486 402.64 <-6 100 59 48 059 0.81 P
SR II
A8
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487 330.13 <4 96 59 52 0.61 0.88 P SA 9
488 220.41 <-6 104 60 V 0.59 0.48 B R 10
489 347.81 <-6 78 70 48 0.9 0.68 T SR 12
490 726.11 <-6 53 51 51 0.96 1 5 SA 11
491 203.79 4-6 86 61 26 0.71 0.43 T SR 9
492 351.99 <-6 83 70 n 0.84 0.4 T SR 10
493 462.41 <-6 III 52 49 0.47 0.94 P SA 12
494 163.26 <-6 71 60 30 0.84 0.5 T SA 11
495 242.29 <-6 80 62 43 0.78 0.69 a SR 9
496 331.82 <-6 89 75 47 0.84 0.63 T SR 10
497 153.06 <-6 60 46 V 0.77 0.63 T SR 12
498 339.13 <-6 52 51 51 0.98 I E SR 9
499 307.61 <-6 74 55 31 0.74 0.56 T SR 11
500 432.19 <-6 98 59 50 0.6 0.85 P SR 10
501 185.23 <-6 72 55 30 0.76 054 T SA 12
502 204.31 <-6 73 63 79 0.86 0.46 T SA 11
503 TB.49 <-6 83 49 39 0.59 0.8 P SA 9
504 348.79 <-6 94 61 54 0.64 0.88 P SA 10
SOS 316.32 <-6 71 61 41 0.86 0.67 T R 12
506 177.62 <-6 77 47 34 0.61 0.72 P SR 11
507 260.17 <-6 94 77 41 0.82 0.53 T SA 9
509 228.89 <-6 92 59 44 0.64 0.74 P SA 10
509 336.1 <-6 98 61 43 0.62 0.7 P R 12
510 245.1 <-6 93 65 V 0.7 0.4.5 T SR II
511 23293 <-6 80 53 39 0.66 0.73 P SR 9
512 330 <-6 90 80 19 0.89 0.24 T SR 10
513 218.98 <-6 68 52 50 0.76 0.96 5 R 12
514 199-5 <-6 81 65 31 0.8 0.48 T SA 11
515 131.77 <-6 72 64 18 0.89 0.28 T A 9
516 231.19 <-6 82 65 41 0.79 0.63 T SA 10
517 235.69 <-6 103 51 39 0.5 0.76 P SA 12
518 792.61 <-6 89 61 42 0.68 0.69 5 SR 11
519 385.69 <-6 80 70 60 0.88 0.86 5 R 9
520 175.61 <-6 90 49 36 054 0.73 P SA 10
521 166.47 <-6 69 53 35 0.77 0.66 T SR 12
522 2614 <-6 82 50 30 0.61 0.6 B SR II
523 236.36 <-6 91 60 49 0.66 0.82 P SR 9
524 135.16 <-6 64 58 79 0.91 0.34 T SR 10
525 140 <-6 75 53 24 0.71 0.45 T SA 12
526 265.49 <-6 69 63 36 0.91 0.57 T R II
532 71191 <-6 66 60 SO 0.91 0.83 5 SR 9
528 305.81 <-6 107 57 46 0.53 0.81 P SA 10
579 251 <-6 79 49 36 0.62 0.73 P SR 12
530 175.05 <-6 71 60 38 0.84 0.63 T SA 11
531 355.08 <-6 75 58 50 0.77 0.86 H SR 9
532 187.09 <-6 57 54 37 0.95 0.68 5 SA 10
533 558.04 <-6 ai 56 49 0.64 0.88 P SR 12
534 220.18 <-6 73 66 30 0.9 0.45 7' SR 11
535 343.24 <-6 90 62 46 0.69 0.74 5 SA 9
536 321.53 <-6 82 54 41 0.66 0.76 P SA 10
537 37237 <-6 105 49 44 0.47 0.9 P SR 12
538 2111.95 <-6 79 54 50 0.68 0.92 P SR 11
539 341.11 <-6 80 55 44 0.69 0.8 5 SA 9
540 175.45 <-6 55 46 35 0.84 0.76 5 SR 10
541 755.76 <-6 as 69 50 0.81 0.72 5 SR 12
542 339.9 <-6 89 60 48 0.67 05 5 SR 11
543 156.79 <-6 se ss 72 0.91 0.51 T SA 9
544 167.32 <-6 ao 49 37 0.61 0.76 P SR 10
545 728.92 <-6 80 62 45 0.78 0.72 E SA 12
546 263.02 <4 96 68 30 0.71 0.44 T SA 11
547 449.16 <-6 100 81 38 0.81 0.47 T A 9
548 219.35 <-6 80 47 32 0.59 0.68 P R 10
549 413.06 <-6 92 70 SS 0.76 0.78 E R 12
550 500.65 <-6 126 74 43 0.59 054 B SA 11
551 16655 <-6 57 46 46 0.81 I 5 SA 9
552 150.49 <-6 61 45 34 0.74 0.76 E SR 10
553 954.4 <-65 114 84 79 0.74 0.94 E SR 12
554 632.15 <-6.5 87 70 52 0.8 0.74 5 SR 11
555 791.31 <-6.5 140 84 60 0.6 0.71 P SA 9
556 889.74 <4.5 133 90 SS 0.68 0.61 T SA 10
557 854.98 <-63 103 85 84 0.82 0.99 5 A 12
559 687.32 <-65 115 90 52 0.78 058 T R 11
559 641.79 <-6.5 102 90 39 0.88 0.43 T SA 9
560 772.72 <-6.5 140 75 44 0.54 039 B A 10
561 806.57 <-6.5 111 85 56 0.76 0.66 T SR 12
562 63637 <-6.5 92 79 53 0.86 0.67 5 A 11
563 861 <-6.5 142 73 28 0.51 0.38 B R 9
564 449.64 <-65 110 79 33 0.72 0.42 T SA 10
565 1Zg <-65 149 as 69 0.57 0.81 P A 12
566 1016.11 <-65 120 100 62 0.83 0.62 T SA 11
567 658.8 <-65 120 83 63 0.69 0.76 5 SA 9
568 607.17 <-65 96 88 46 0.92 0.52 T SA 10
569 792.96 <-65 150 90 44 04 0.49 B SA 12
520 453.5 <-65 92 78 43 0.85 0.55 T SA 11
571 673.62 <-65 150 73 37 0.49 031 B 5.8. 9
572 765.64 <-65 168 80 68 0.48 0.85 P VA 10
573 606.89 <-65 99 69 50 0.7 0.72 11 SR 12
574 78953 <-65 145 110 40 0.76 0.36 T SA 11
575 747.48 <4.5 116 Ea 55 0.71 0.67 T SR 9
Aa
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576 646.76 <45 107 77 47 0.72 0.61 T SR
10
12577 87115 <-6.5 131 71 70 0.54 0.98 P A
578 906.5 <-6.5 145 94 63 0.65 0.67 B SA 11
579 923.38 <-6.5 151 66 55 0.44 0.83 P SR
9
,580 1040.06 <-6.5 139 77 45 0.55 0.58 B SA 10
581 910.19 <-6.5 1n 86 71 0.7 0.84 E SA 12
582 16135 <-6.5 190 90 72 0.47 0.8 P SA
11
583 944.09 <-6-5 137 90 69 0.66 0.77 P SA 9
584 1570 <-6.5 151 84 fl 0.56 0.86 P 5.A 10
585 1967 <-7 143 59 89 0.69 0.9 E SR 11
586 450.63 <-7 77 64 56 0.83 0.88 5 SR 12
587 424.74 <-7 77 61 51 0.79 0.84 E SR 9
598 580.04 <-7 110 95 40 0.86 0.42 T SR
10
589 497.44 <-7 121 68 32 056 0.47 B SR 11
590 636.15 <-7 119 80 60 0.67 0.75 5 5.A
12
591 20022 <-7 179 100 89 0.56 0.89 P SA 9
592 1472.5 <-7 136 117 73 0.86 0.64 T SR 10
593 1789 <-7 150 110 84 0.73 0.76 5 SA 12
594 1605.75 <-7 182 108 50 0.59 0.46 B A 11
595 1682.5 <-7 130 100 71 0.77 0.71 5 SR 9
596 2698.25 <-7 185 110 65 0.59 0.59 B SR
10
597 2160 <-7 130 109 88 0.84 0.81 5 R
12
5% 142675 <-7 150 99 61 0.66 0.62 B SR 11
599 2092.5 <-7 160 85 68 0.53 0.8 P S.A
9
600 2162 <-7 214 91 58 0.42 0.64 B SA
10
APPENDIX A1.2. TRACER DATA MONAGHYLE BURN.
TRACER PHI WEIGHT A-AXIS B-AXIS C-AXIS B/A C/B SHAPE ANGULARITY SEEDING
NUMBER CLASS (g) (cm) (cm) (cm) RATIO RATIO (See Key) (See Key) LINE
1 <-5.5 6821 63 40 19 0.63 0.48 B R 1
2 <-5.5 109.33 71 SO 24 0.7 0.48 T SA 3
3 <-5.5 179 70 ss as 0.78 0.51 T SA 6
4 <45 11396 72 40 20 036 05 B SA 8
5 <-5.5 106.41 so 45 26 0.75 0.62 T ER 2
6 <45 147.59 66 54 27 0.82 03 T SA 4
7 <-5.5 192.77 94 36 35 0.38 0.97 P SS 5
8 <-53 80.59 50 49 22 098 0.45 T R 7
9 <-5..5 126.42 114 40 30 0.35 0.75 P A 1
10 <-53 7736 54 44 19 0.81 0.43 T SA 3
11 <-5.5 595 60 37 16 0.62 0.43 B SA 6
12 <-5.5 121.25 79 30 30 0.38 1 P SA 8
13 <-55 5551 50 31 2.5 0.62 0.81 P SA 2
14 <-53 121.6 64 50 34 0.78 0.68 E A 4
Is <-5.5 75.69 50 39 23 0.78 0.59 T ER 5
16 <-55 182.86 ss 44 36 0.52 0.82 P ER 7
17 <-5.5 63.96 SS 34 17 0.62 0.5 B R 1
18 <4.5 174.69 90 58 37 0.64 0.64 B A 3
19 <-55 58.42 45 as 15 1 0.33 T SR 6
20 <-55 17939 60 45 38 0.75 0.84 E A 8
21 <-55 107.77 59 47 22 09 0.47 T R 2
22 <-5.5 156.88 70 45 30 0.64 0.67 B ER 4
23 <-55 130.87 70 40 38 057 0.95 P R s
24 <-5.5 207.83 198 58 25 0.29 0.43 B SA 7
25 <45 106.3 64 50 25 0.78 05 T SA 7
26 <-55 1039 67 45 39 0.67 0.87 E SA 3
27 <4.5 11131 60 56 30 0.93 054 T R 6
28 <-5.5 18693 95 50 30 033 0.6 B SS 8
29 <-55 65.3 55 45 22 0.82 0.49 T A 2
30 <-5.5 632 37 35 25 0.94 071 E A 4
31 <-5.5 101.02 62 se 25 094 0.43 T A 5
32 <43 131.25 60 SO 30 0.83 0.6 T SS 7
33 <-5.5 9539 sa 60 30 0.95 OS T A 1
34 <-5-5 119.45 62 45 30 an 0.67 B ER 3
as <-53 mai ss 40 38 0.62 0.95 P SR 6
36 <-5.5 14124 86 50 28 0.62 0.56 B ER 8
37 <-5.5 94.65 55 43 30 0.78 07 E ER 2
38 <-53 8527 SO 44 30 0.28 0.68 E A 4
39 <-55 146.25 66 40 35 0.61 028 P A s
40 <45 71.35 59 49 19 0.83 039 T A 7
41 <45 75.02 50 48 39 0.96 0.58 T SA 1
42 <4.5 48.65 42 33 30 0.78 5.91 E SA 3
43 <-5.5 91.67 56 50 26 0.89 052 T SA 6
44 <-5.5 168.43 66 38 35 0.59 0.92 P ER 8
45 <-53 62.27 SS 44 19 0.8 0.43 T SA 2
46 <-55 649 52 44 24 0.85 0.54 T ER 4
47 <-5.5 120.03 60 se 39 0.97 0.67 E S.A 5
48 <-55 161137 75 SO 30 0.67 0.6 T A 7
49 <-5.5 1179 63 50 21 0.79 0.42 T A 1
50 <-53 7639 52 50 19 0.96 038 T SR 3
al <-5.5 135.13 60 50 30 0.83 0.6 T SA 6
52 <-53 105.4 61 as 31 0.57 028 P R 8
53 <-5.5 8096 65 64 ao 038 0.47 T A 2
54 <45 so 46 43 21 033 039 T ER 4
69 <-6 1693 76 51 24 0.67 0.47 T SS 5
70 <-6 442.72 122 54 44 0.44 091 P SA 7
71 <-6 1946 68 60 as 0.88 037 T SA 1
,	 n <-6 1693 80 61 20 0.76 033 T R 3
73 <-6 114.22 63 63 23 1 036 T A 6
74 <4 31696 88 78 36 019 0.46 T SA 8
75 <-6 34479 88 72 49 0.82 0.68 E R 2
76 <-6 779.64 100 45 26 0.45 038 e SA 4
77 <-6 19038 85 60 25 0.7 0.42 T SR s
78 <-6 33735 98 75 as 0.76 0.47 T SA 7
70 <4 24633 as ea 46 0.6 0.9 P A 1
eo <-6 33339 83 63 40 0.78 0.62 T SA 3
el <4 277.6 88 66 32 0.75 0.48 T ER 6
82 <4 360.46 112 77 40 0.69 052 T SA 8
83 <-6 19325 80 59 21 024 0.36 T ER 2
84 <-6 165.26 66 65 26 0.98 0.4 T A 4
85 <-6 269.3 85 69 37 0.81 0.54 T ER s
ss <-6 197.61 63 62 33 0.98 033 T SA 7
87 <-6 31876 90 ss 45 0.61 022 P A 1
88 <-6 14057 n 61 24 025 039 T SS 3
89 <-6 21227 72 50 40 0.69 OA E A 6
90 <-6 242.32 74 70 40 0.94 037 T R 8
91 <4 30598 71 54 40 076 0.74 E ER 2
92 <-6 21435 70 60 50 0.86 0.83 13 SA 4
93 <4 38733 100 55 34 055 0.91 e SR 5
94 <-6 208.17 70 44 32 043 0.73 P SS 7
95 <-6 240.6 74 67 30 09 0.67 T SA 1
96 <-6 49352 105 60 45 057 0.75 P SA 3
07 <-6 26229 95 45 40 0.47 059 P SA 6
98 <4 27993 80 70 31 0.83 0.44 T EA 8
ss <-6 34059 87 70 30 0.8 0.43 T ER 2
100 <-6 17722 70 55 38 0.78 029 E A 4
101 <-6 141.36 69 53 30 027 037 T SR s
A 1 1
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102 <-6 16472 66 56 35 0.85 0.62 T SR 7
103 <-6 192.8 71 57 30 0.13 0.53 T SA I
104 <-6 205.01 85 65 30 0.76 0.46 T SA 3
105 <-6 356.19 100 78 30 0.78 0.38 T SR 6
106 <4 21335 75 60 25 0.8 0.42 T R 8
107 <-6 2092 es 74 V 0.87 0.3 T R 2
108 <-6 25671 80 SO 30 0.62 0.6 B A 4
109 <-6 307.3 104 70 40 0.67 0.57 T A 5
110 <-6 31923 80 65 40 0.81 0.62 T R 7
111 <-6 277.46 72 45 45 0.62 1 P A 1
112 <-6 462.35 110 78 40 0.71 051 T SR 3
113 <-6 796.36 95 as 25 0.89 033 T SA 8
114 <-6 251.2 108 55 25 0.51 0.45 B SR 6
115 <-6 323.83 71 60 45 0.84 0.75 E SA 2
116 <-6 187.17 82 62 24 0.76 039 T R 4
117 <-6 183.42 80 72 23 0.9 032 T SA 5
118 <-6 161.71 70 70 25 I 0.36 T SR 7
119 <-6 225.71 85 60 35 07 0.58 T R I
120 <-6 358.99 80 60 55 0.75 0.92 5 SR 3
121 <-6 175.09 75 63 26 0.84 0.41 1 SA 6
122 <-6 285.72 92 68 35 0.74 0.51 T SA 8
123 <-6 234.92 80 59 42 0.74 0.71 5 SA 2
124 <-6 29323 154 44 30 0.28 0.68 P A 4
125 <-6 199.82 70 54 47 0.77 0.87 E SR 5
126 <-6 235.8 116 90 10 0.78 0.11 T SR 7
127 <-6 155.86 60 .57 43 0.95 0.75 e SR 1
128 <-6 203.13 98 64 24 0.65 0.38 II SA 3
179 <-6 231.19 80 72 30 0.9 0.42 T SR 6
130 <-6 144.86 73 63 20 0.86 0.32 T R 8
131 <-6 12138 65 52 25 0.8 0.48 1 SR 2
132 <-6 35957 104 75 35 0.72 0.47 T SR 4
133 <-6 372.62 95 70 49 0.74 02 5 SA s
134 <-6 261.2 81 50 45 0.62 0.9 P R 7
135 <-6 259.42 80 60 45 0.73 0.75 2 SA I
136 <-6 72344 85 60 36 07 04 T R 3
137 <-6 196.45 69 61 44 0.88 0.72 E SR 6
138 <-6 242.52 80 69 40 0.86 0.58 T SA 8
139 <-6 22155 83 62 44 0.75 0.71 2 SR 2
140 <-6 28635 85 55 50 0.65 0.91 P SA 4
141 <-6 789.09 91 55 40 0.6 0.73 P SR 5
142 <-6 30734 94 70 41 0.74 0.58 1 A 7
143 <-6 40553 100 74 44 0.74 059 T SA 1
144 <-6 35058 102 56 50 035 0.89 P SR 3
145 <-6 78235 90 69 40 0.77 038 T SA 6
146 <-6 212.77 81 65 41 0.8 0.63 T SA a
147 <-6 157.69 71 55 40 0.77 0.73 5 SR 2
148 <-6 23947 105 61 22 058 036 B SR 4
149 <-6 32271 99 63 35 0.64 0.56 B SR 5
150 <-6 19331 80 62 V 0.78 0.44 T SA 7
151 <-6 233.41 90 65 30 0.72 0.46 T R 1
152 <-6 195.83 65 65 30 1 0.46 T SR 3
153 <-6 204.43 70 63 36 0.9 0.57 T SR 6
154 <4 15436 60 49 30 0.82 0.61 T SR 8
155 <-6 143.65 60 47 32 0.78 0.68 5 R 2
156 <-6 219.64 84 67 28 0.8 0.42 T SR 4
157 <-6 2017 60 60 36 1 0.6 T SR s
158 <-6 161.6 71 44 V 0.62 0.61 B SA 7
159 <4 125.5 64 SS V 0.86 0.53 T SR 1
160 <4 268.21 77 55 45 0.71 0.82 5 SR 3
161 <-6 146.53 57 SO 35 0.88 0.7 5 SR 6
162 <-6 19733 80 62 28 0.78 0.45 T SR 8
163 <-6 197.4 70 65 25 0.93 038 T SA 2
164 <-6 37938 90 65 44 0.72 0.68 5 A 4
165 <-6 281.26 85 70 31 0.82 0.44 T SR s
166 <-6 1153 SS 54 28 0.98 053 T R 7
167 <-6 51033 130 so 36 0.62 0.45 B SR 1
169 <-6 2022 79 60 30 0.76 OS T SA 3
169 <-6 33347 BO 68 37 0.85 0.54 I' SR 6
170 <-6 220-56 111 60 20 054 033 B SA 8
171 <-6 247.4 106 65 36 0.61 055 B SA 2
172 <-6 25133 70 58 41 023 0.71 5 R 4
173 <-6 186.43 60 60 39 1 0.65 T SR s
174 <4 179.32 78 69 33 0.88 0.48 T SA 7
201 <-6.5 81232 110 72 61 0.65 0.85 P SA 1
202 <-6.5 838.82 120 90 65 0.75 0.72 5 SR 3
203 <45 597.82 90 90 40 0.83 033 T SA 6
204 <-65 11303 150 60 40 OR 0.67 B S.A 8
205 <-65 523.37 110 85 40 0.77 0.47 T SR 2
206 <-6.5 770 100 70 52 02 0.74 5 SR 4
207 <-6.5 974.95 120 85 73 0.71 0.86 5 SA 5
208 <-6.5 1067.43 140 as 65 0.63 0.74 P SA 7
209 <4.5 56353 218 80 50 0.37 0.62 B R 1
210 <-65 1141.1 150 as SS 0.57 0.65 B SA 3
211 <-65 892.44 130 100 90 0.77 0.9 5 A 6
212 <-6.5 378.43 92 85 15 0.92 0.18 T SA 8
213 <-65 5823 110 100 40 0.91 OA T SA 2
214 <-6.5 873.07 128 90 SO 02 0.56 T SA 4
215 <-6.5 53999 90 70 60 0.78 0.86 5 A 4
216 <-65 63055 120 80 45 0.67 0.56 B SA 7
Al2
APPENDIX A1.2. TRACER DATA. MONACHYLE BURN.
217 <-6.5 874.87 144 100 65 0.69 0.65 T SA I
218 <-6.5 899.52 118 100 55 0.85 0.55 T SA 3
219 <-6.5 72124 100 98 77 0.98 0.78 13 SA 6
720 <4.5 36772 98 85 35 0.87 0.41 T SA 8
221 <-6.5 382.69 82 70 65 0.85 0.93 13 A 2
222 <-6.5 358.03 107 92 24 0.86 0.26 T S.R 4
223 <4.5 564.24 720 77 60 0.35 0.78 e 54k 5
224 <-6.5 674.19 120 70 52 0.58 0.74 P S.R 7
225 <4.5 309.82 92 85 25 0.92 0.35 T SA I
226 <-6.5 58351 115 100 34 0.87 0.34 T S.R 3
2;g <4.5 447.85 174 89 14 0.51 0.16 5 SA 6
728 <-6.5 566.25 110 104 40 0.94 0.38 T SA 8
Z9 <-6.5 81628 160 70 55 0.44 0.713 P SA 2
230 <-6.5 463.99 131 105 40 0.8 0.38 T SA 4
231 <-6.5 3734 80 80 45 1 0.56 T SA 5
232 <4.5 398.62 104 85 41 0.82 0.48 T S.R 7
233 <4.5 5255 112 85 45 0.76 0.53 T SA 1
234 <-6.5 410.09 105 88 34 0.84 0.39 T SA 3
23.5 <4.5 790.38 130 89 55 0.68 0.62 T SA 6
236 <-6.5 926.08 140 106 54 0.76 0.51 T SA 8
246 <-7 1917 165 100 85 0.61 0.85 P S.R 2
247 <-7 1638 160 140 65 0.88 0.46 T S.R 4
248 <-7 1846 190 125 56 0.66 0.45 B SR 5
249 <-7 2696 178 132 100 0.74 0.76 R SA 7
APPENDIX 21 .1. ALLT DUBHAID SUB-REACH 1 TRACEFI TRANSPORT DISTANCES.
TRACER 01ST. l(m) MT. 2(m) DIST 5 OW DIST. 6 2,0 DIST. 7 OW MST. 8 WO DIST 10(m) 0151. 15 Cm) DIST. 12 0,0 DIST. 13(m) TOTAL MO
1 19.35 6.96 70.19 1024 0 10634
2 173 0 4452 OM 0 0 4729
3 046 1934 0 0 0 33.03
4 21.6 3397 60.79 79.60 142135
3 2594 0 0 0 2394
6 13.66 79 147.45 17421
7 3281 1.21 3423
3 9835 2.19 739 2.16 11029
9 302 5886 6.13 0 0 1.61 96.8
10 2321 o nsa 4489
11 0.83 25213 28.76
12 0 0 0 0 0
13 03 3672 0 0 0 0 0 a 37.22
14 164.26 0 0 0 16426
15 0.125 14 31.84 6.69 2498 0 0 65235
16 131 0 122 0 0 0 3113
17 5216 4973 0 0 0 10254
18 373 138.84 9.21 0 074 15734
19 32145 24.46 9352 239 0 15 19396
20 234 1395 1.14 25.35 12.13 0.6 OA 15.82 9599
21 435 1133 8 7 A o o o 10398
22 163 163
23 o 2.74 0 0 0 274
24 573 233 45.56 um 1.47 9829
25 1922 1922
26 112 1.12
77 773 8192 16.11 0 0 10578
as 39 796 70.4 0 0 0 3726
79 26.27 4946 54.11 0 0 13324
30 2117 07 7347
31 1629 40.16 3677 0 0 0 113.22
32 naa a o o o 71.17
33 17.47 13.12 173 0 3252
34 5323 3894 92-17
35 16399 2631 0 0 1953
36 125 0 727 0 0 0 332
37 12.16 10.76 2292
38 11.62 21393 0 0 22192
39 8336 1731 138 2.47 0 10492
40 28.14 07 0 0 0 1.49 0 3333
41 7638 4392 5.35 467 0 0 10.71 185.56
42 3523 0 0 0 1522
43 2545 0 4534 0 0 7079
44 2423 63.7 124 0 0 168.11
45 892 14724 117.84 0 5107 32597
46 3.81 82 7395 411 0 0 9227
47 6931 137 0 0 15.4 0 10628
43 46.14 0 133 0 47.47
a 0 259 232 0 0 0 0 a 7322
93 6682 1021 0 0 85.63
a 81.83 1425 1575 0 371 11534
52 6433 433 0 0 3.13 0 110.81
53 5501 49.49 13134 0 0 929 0 15159
51 37.06 22.19 2226 5131
SS 531 531
36 2053 635 15321 784 0 0 188.55
37 10.49 0 1356 138 0 0 0 0 0 25.43
Si 373 0 93.15 017
0
339 03196
99 0 0 5/3 0 0 0 321
so 173 0 0 0 0 0 0 175
61 698 0 1016 1.44 0 0 0 81.4
62 473 032 332 0 0 0 0 525
63 5136 0 0 0 0 0 526
64 429 8773 881 0 0 10899 318.48
65 7117 1833 0 895
66 238 2076 129 0 0 0 a 0 24.22
67 5.23 079 623 0 0 0 0 1227
63 13521 5786 873 0 0 0 104.5 21107
ea 0241 0 118.83 5.34 12325
70 773 1773 253
71 5427 2.13 17.14 234 23588
72 20.17 7.19 14.68 0 0 0 42.04
73 1.44 0 1.44
74 6.82 1E336 674 0 0 197.12
75 7997 OSI 0 nye 0 10326
76 0.4 0 5.44 0 0 0 07 0 6.54
77 122 0.86 3129 0 0 0 0 3373
73 4.44 0 6084 0 6523
79 2336 16.21 13.12 0 0 3.51 5636
80 0 sasi o 6981
91 6081 24.46 ELM 0 0 177.14
ea 84.46 652 8772 0 0 0 17885
to 3.19 0.52 10235 1 46 0 o o 0 10735
34 55 0 1253 1324 0 10131 15733
as 2 0 OM 212
a 56.48 7133 38.6 16641
37 90.53 488 3453 0 0 0 17386
88 1382 536 3426 7927 0 0 0 13531
89 88.98 3.4 094 0 0 533 9923
90 323 0 18 0 0 2.61 0 2392
91 63.37 1125 0 0 0 101.62
92 5189 5.47 90 337 0 131 0 18726
93 622 0 12838 1344
94 3939 9642 7259 0 2126 1628 24574
95 1 0 5.81 0 0 0 0 631
96 6.25 5.13 61.47 16.39 0 1.36 0 90.6
A14
APPENDIX 2.1.1. ALIT DUSHAIG SUB .REACH 1 TRACER TRANSPORT DISTANCES.
• 97
96
99
103
101
102
103
101
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
123
121
122
123
124
125
126
1 77
173
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
160
161
165
166
112
168
169
170
171
172
173
174
173
176
177
176
179
183
181
162
183
181
185
186
167
188
197
Bo
191
192
193
25.62
1296
34.97
17.2
1839
5021
162
126.68
8591
12.12
1322
6.12
84.15
523
70.72
191
3.28
15.65
26.48
12.62
1109
775
138
094
2.06
4.5
1499
0.19
5 .38
0.5
125
4.99
273
103
1
1.19
11169
2.12
550
2.91
1680
6563
4983
42-18
0
19.4
0.81
473
0.31
291
191
19.42
0
53.12
131
5691
473
6.23
17.47
72.51
2_38
5706
18.45
DM
26.12
1638
6173
1093
1106
0.25
1.44
1.19
623
1995
2
225
2.25
775
2537
1.12
73
43
(370)
14.66
1292
9.99
2.25
0
102
498
0
728
2006
771
1738
771
1.63
0
26.51
1.19
4022
0
03
0
0
0
0
0
0
1.21
0
0
0
1111
436
406
023
0
0
0
0
0
a
1181
2235
0
5.41
0.61
0
0
0
07
13.17
0
1091
0
0
4537
074
0
0
0
596
14.4
028
OS
0
12.13
936
me
192
0
0
1281
OM
0
0
137
0
2.96
0
0
0
4.62
1834
35.12
1338
0
095
0
65.63
83.07
123.65
2563
12725
13-62
1903
1826
3437
906
3502
48.13
12321
156.36
123.45
77.65
026
97
67.12
9772
7247
19.62
OW
4192
8313
161.48
0
035
0.38
3031
2346
1637
0.3
4-17
15991
163.18
3.65
237
5422
369
5721
6506
1403
1419
27.45
nos
31.12
10697
0
1106
2.11
1496
43.49
14476
2616
12_46
5935
8.13
0
76.67
132
906
0
147.1
1998
75.42
114.34
2432
2.36
29.13
0
0
0
0
41.24
0.11
0
0
0
16.23
03
0
3
7.5
6.65
0
4.64
0
0
0
5531
0
0
0
0
0
0136
0
0
0
513
199
50
0
592
6.4
0.44
1196
0
595
31.49
0
0
11574
0
0
0
0
6501
17376
43.3
4094
123.56
10773
2498
1.56
0
0
12.17
0
0
0
0
0
5.14
2-19
0
41.09
0
0
0
0
0
139
0
0
2.43
0
o
OM
o
66.19
0
723
0
111
45.1
0
0
79
0
0
0
0
0
0
4363
0
2.34
0
694
3984
376
0.37
79.45
4605
0
0
24.62
0
2.76
0
3627
078
1108
2.46
13.6
0
0
0
0
0
695
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
o
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
038
0
0
0
0
0
0
8.69
0
0
0
0
0
0.57
0
0
18-61
0
0
0
0
0
0
0
0
0
4.55
0
0
0
0
0
0
0
0
0
0
0
10796
0
0
o
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
5.37
0
0
0
0
113
0
mot
1.39
0
3.99
0
0
0
2451
11.61
136
0
0
0
232
5.15
3625
59
0
11.46
0
70.24
0
0
4739
0.99
0
1495
4691
0
21.21
922
0
0
0
0
0
26.57
0
0
0
0
0
0
0
025
5294
o
0
0
0
0
195
0
0
0
0
0
0
0
3.17
0
0
0
0
0
0
0
0
16595
0
0.55
0
0
.031
0
0
0
0
0
0
7.52
0
0
0
0
037
0
19937
0
0
0
OM
5
0
0
166
259
0
0
0
0
0
2707
0
0
0
91.25
11218
19509
73.63
132.62
17.2
18835
5902
0
8833
3599
143.45
E4.82
148.69
106.28
6.12
169.6
33136
357.4
6.44
13592
110.4
0
4.04
2535
10772
6234
3735
7237
138
101
10997
43
10131
151
214.62
05
26
638
78.89
3577
21097
1.53
4.19
3435
2-12
351.49
163.12
26.89
102.01
17703
109.45
369
9139
66.48
2291
16731
3522
9438
12496
31.12
17135
0
131
112_77
7.6
22.08
7256
17/.88
2_44
109.85
10309
0.97
172.65
4337
9626
16757
25.48
491
1.44
7823
4901
92.47
0
2
437
332
74
4.65
16435
1.12
15736
3537
152.09
110.54
153.36
765
2492
5698
A15
APPENDIX 2.1.1. ALLT DUGHAIG SUS-REACH 1 TRACER TRANSPORT DISTANCES.
194 025 0 0 0 0 023
195 1.33 506 0 11.44
196 1961 0.68 34.55 3.91 0 0 0 17.56 0 753
197 15.12 67 56.4 0 0 0 0 0 0 7912
199 0.44 0 0 0 0 0 0 0 0.44
0
199 997 0 102.16 2191 0.33 0 16.75 0 151.12
200 128 0 1535 0 0 0 0 0 16.46
APPENDIX A2.1.2. ALLT DUBHAIG SUB-REACH 2 TRACER TRANSPORT DISTANCES.
TRACER DIST. 1 (m) DIET. 2 (m) DIET. 5(m) DIET. 7 (m) DIST. 8 (m) DIET. 10 (m) DIET. 11(m) DIET. 12 (m) DIET. 13 (m) TOTAL (m)
201 9.24 0 0 0 9.24
202 0.56 0 167.12 0 167.68
203 37.8 132.91 6.35 0 177.06
204 75.19 94.69 0 169.88
205 25.71 0 25.71
206 97.86 0 240.7 272 0 0 340.78
207 85.59 0 11.13 96.72
208 0.54 0.92 139.20 140.75
209 15.2 0 0 15.2
210 33.11 0 54.48 0 0 0 87.59
211 93.02 0 10.26 0 69.28
212 0 0 8.2 0 0 0 8.2
213 0
214 0
215 94.76 0 0 6.24 0 101
216 41.42 0 175.43 166.85
217 5435 0 110.86 0 165.21
218 159.44 10.97 0 170.41
219 117.65 75.26 116.17 309.08
220 8.86 0.77 0 0 0 0 9.63
0
221 16.91 0 0 248 0 19.39
222 0
723 189.94 142.52 0 0 0 0 332.46
224 7247 40.72 0 0 49.54 112.73
725 622 0 0 7.18 13.4
226 3.35 13627 0 0 0 0 139.62
VI 105.13 63.12 0 0 0 168.25
228 23.16 0 2198 33.14 0 0 3.57 0 74.85
279 103.73 1139 70.7 19122
230 12 170.86 7.14 190
231 0.95 23.22 41.15 0 34.53 99.85
732 1.58 0 1774 0 0 19.32
233 72.65 2.56 32.49 1.09 0 73.13 0 181.92
234 103.33 70.88 0 0 o 174.21
735 13.96 0 86.82 9.95 0 11.15 121.88
236 107.97 1.64 55.86 0 165.47
237 0.61 5.97 33.03 0 39.61
238 98.82 91.38 0 0 0 1.18 191.38
239 92.61 0 20.09 0 53.76 0 166.46
240 61.07 9.03 10.86 0 80.96
241 16.02 114.37 79.79 0 0 10-59 170.27
242 32.52 262 0 0 58.82
243 36 0 85.37 32_53 0 0 153.9
244 97.77 0 58.56 156.33
245 2859 0 38.95 67.54
246 167.69 3.83 0 0 171.52
247 84.64 0 0 0 84.64
248 0
249 19.24 0 0 10.92 0 30.16
250 43.7 43.7
251 0 0 147.37 24.81 0 0 172.18
252 41.86 0 131.9 173.76
253 29.66 71.98 0 41.15 14279
254 2.04 0 43.14 0 0 1.21 46.39
255 0 42.79 0 32_7 74.99
256 242.68 0 0 0 24268
257 16538 18.47 184.15
2.58 71.88 0 0 0 nes
259 0 0 573 85.4 0 0 948 152.38
260 173.22 83.39 0 0 5.88 0 262.49
261 0
262 0
263 47.75 0 110.12 0 0 4.73 0 162.6
264 0 0.45 336 0 0 0 3.81
265 0 0
266 67.45 0 194.53 261.98
267 0 0 274.94 25.56 0 300.5
268 0 0 1.18 0 0 1.18
269 4558 0 113.49 0 0 11.79 170.36
270 5.15 0.64 5.79
271 10.4 1.24 15.21 7.61 0 0 34.46
272 115.21 0 148.4 0.3 0 0 0.72 264.63
273 9.25 3.62 5-34 49.58 0 26.21 94
274 46.14 126.95 7.81 0 0.89 18129
V5 49.6 0 12.16 0 0 0 0.28 0 6204
776 0
577 93.67 0 76.88 3.76 0 174.31
V8 0 0 0
279 105.1 105.1
280 29.15 141.43 0 0 170.58
0
281 71.6 079 0 36.73 109.12
282 50.23 0 128.14 0.45 178.82
283 0 0 50.7 0 0 78.78 0 129.48
284 0 134 1.54
285 0 0 67 0 0 15.08 1.18 22.96
286 21.86 0 41.87 1.29 0 0 3.94 68.96
287 56.89 1.33 26.31 0 0 0 84.53
All
APPENDIX A2.1.2. ALLT DUBHAIG SUB-REACH 2 TRACER TRANSPORT DISTANCES.
288 V.24 0 93.62 0 0 0 122.86
789 0 0 25.26 16.5 0 1.25 0 43.01
290 47.96 0 9.08 0 0 6.03 63.07
791 V.21 0 V.21
272 74.54 0 0 0 0 0.74 0.42 75.7
793 63.64 0 106.84 170.48
294 0 0 5.89 0 0 10.81 16.69
295 43 2 60.08 5.75 0 0 0 72.13
296 0 0 1.88 0 0 0 0 128
797 155.16 0 39.34 67.89 0 0 40.78 4.8 307.97
298 30.01 0 72.03 1.11 0 0 6.48 0 109.63
299 5.4 2.16 18.54 0 0 0 17.73 0 43.85
300 0 0 1.44 0 0 1.44
301 45.82 0 45.27
302 3.78 0 30.49 16.78 0 49.07 0 100.12
303 0 0 1.81 0 0 1.81
304 0 0 4.08 0 0 0 LOS
305 0
306 33.41 122.22 0 0 0.74 0 156.37
307 24.53 0 21.46 0 25.24 0 72.23
308 4.42 0 106.19 48.02 5.75 2.53 3.32 1.46 171.69
309 25.23 0 V.58 0 0 0 1254 65.35
310 0 13.42 15.78 0 2.13 7.96 34.79
311 0.77 0 39.77 76.48 0 0 7.14 0 124.16
312 1679 0 47.74 0.5 0 0 2.41 0 66.94
313 54.97 0 33.38 022 0 0 537 93.94
314 126.84 0 50.1 0 0 10.24 187.18
315 10234 0 43 3.61 0 0 1.18 0 150.13
316 .5.54 0 160.36 05 166.4
317 35.07 0 1325 113.3 0 0 24.8 305.67
318 055 0 1.59 0 0 0 2.51
319 61.72 0 38.45 0 0 0.7 100.87
320 5.12 0 4.99 1.24 0 0 0 0 11.35
321 46.67 0 117.01 17.86 0 211 153.65
372 V.52 0 4.82 16.94 0 9.99 59.27
373 0 0 18.08 6.48 0 0 0 24.56
324 15-54 10.71 47.47 0 0 66.07 0 139.79
325 44.8 44.8
326 59.53 0 26.95 8.02 8.15 2-45 7.49 L36 113.95
337 78.98 0 14725 20.2 0 30.07 777.1
328 34.21 2.87 1526 0 0 10.55 0 63.49
379 94.81 94.81
330 45-76 0.44 128.43 13.44 0 1.93 190
331 0 0 2587 828 0 0 3455
332 22.22 0 38.99 0.48 0 0 62.34
333 17.45 0 17.45
334 73.1 0 95.39 11.1 236 2.88 023 185.66
335 126.92 0 44.05 170.97
336 4.46 13.96 0 0 0 10.72 29.14
337 0 0 0.98 0.98
338 13.85 0.52 15139 7.71 0 0 0 173.47
339 167.97 0 167.97
340 156.83 0 0 0 156.83
341 9.02 54.96 0 0 0 63.98
342 159.04 173.76 0 0 0 1936 302.39
343 38.34 0 7826 40.49 0 0 157.69
344 62.19 0 205 0 0 0 82.69
345 0 16.39 0 0 0 16.39
346 32.18 0 0.96 4253 0 0 16.89 0 92.56
0
347 26.67 0 13.65 0 0 20.76 0 61.08
348 0 0 4-58 0 0 0 0 0 4.58
349 4622 0 11354 0 0 3.56 0 163.32
350 35.38 335 13.6 0 0 7.92 90.4
351 0
352 0 0 26.49 45.74 0 0 14.47 86.7
353 47M 0 0.66 0 0 2276 0 70.86
354 70.45 0 48.78 0 0 0 1065 0 225-73
355 43.76 0 227 0 0 3.77 0 49.8
356 0 0 14.6 0 0 0 0 14.6
357 30.62 0-54 14.19 0 0 21.67 0.35 67.37
358 61 0 115.34 0 0 0 3.88 180.33
359 0 0 52.33 61.47 0 113.8
360 40.99 0 11051 0 0 0 8.43 0 159.93
361 0 0 11.42 0.77 0 0 12.19
362 20.34 0 31.29 0 0 19.03 0 70.66
363 25.49 0 31.51 0.71 0 0 16.2.5 0 73.96
364 16.34 0 1.52 3.44 0 0 0 21.3
365 91.33 0 10.72 0 0 0 0 102.05
366 0 0 0
367 0 0 0 0 0 0
368 18.09 0 69.18 0 10.07 0 97.34
369 16.16 0.72 132.03 8.12 0 1.25 0.93 0 158.71
370 4.54 3.59 0 0 8.13
371 97.77 0 97.27
372 4726 0 64.62 46.77 0 0.06 5 163.81
373 46.24 0 22.05 17.87 17.95 0 76.66 186.77
374 45.13 0.8 26.44 0 0 0 0 0 7237
375 66.79 0 101.67 71.71 0 0 50.47 0 790.64
376 37.58 0 57.43 0 0 0 0 85.01
A18
377 0
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0
378 0.43 0 134 38.9 0 40.67
379 57.13 0 11231 0 0 0 169.84
380 102.59 0 28 o o 0 130.59
381 0 0 956 4.44 0 0 20.31 34.31
382 4.11 0 4.11
383 49.79 0 16.86 0 0 0 0 0 66.65
384 23.08 0 60.16 78.75 0 78.92 48.58 189.49
385 41.99 0 23.47 60.25 0 0 39.59 0 164.3
386 170.16 0 0 0 39.1 209.26
387 64.29 0 11.23 0 0 0 75.52
388 19.49 0 1949.
389 7.88 0.94 &82
390 4.36 4-36
0
391 23.31 0 14.68 23.43 0 0 0 0 61.42
392 0
393 0.72 0 16.94 0 0.36 0 3.15 21.17
394 7.95 0 8.06 4.3 0 0 21.32 0 41.63
395 2 0 7159 0 0 0 32.36 0 105.95
396 38.91 0 3.79 19.61 0 0 5.32 0 67.13
397 0.42 0 1.39 10.55 78.82 91.18
398 38.6 5.32 2396 0 0 0 156 0.62 69.96
399 39.23 0 39.23
400 4.69 0 12.08 0 0 0.77 1.02 0 18.56
APPENDIX 2.13. ALLT DUBHAIG SUB-REACH 3 TRACER TRANSPORT DISTANCES.
TRACER DIST. 1(m) 01ST. 2 (m) DIST. 5 (m) DIST. 7 Cm) DIST. 8 (m) 0IST.10 (m) 0IST.11 (m) 0IST.12 (m) DIST. 13 (m) TOTAL (m)
401 39 0 117 0 10.42 0 1551
402 528 0 0 0 0 0 528
403 4616 92.02 613 0 14531
404 365 0 0.48 413
405 1.21 0 0 0 0 0 121
406 5138 0 16.96 71.34
401 57.4 0 627 6427
406 1.44 0 2_14 0 0 0 0 338
409 8.8 0 363 0.63 0 3.32 0 16.18
410 1368 0 6.28 053 0 349 0 24.18
411 309 0 0 30
412 3037 0.86 0 0 0 31.43
413 8.18 43.8 0 051 32-49
414 7.22 1033 126 o 152 11307
415 4.52 5839 0 0 0 AM
416 67.52 4 0 0 7132
417 7.34 0 52.23 5937
418 15.26 59.11 74.37
419 10.5 0.6 78.98 0 0 0 17.26 1934
420 911 0 0 19.96 93137
421 569 6138 0 6.86 12493
422 904 0 932 8116
423 3.21 0 0 3767 0 21.06 914
424 131 29 5.43 1.5 1101
425 2.36 7.25 o 0 13 0 6.71
436 0
427 31 31
428 8194 037 0 10.44 92.95
429 32.62 32.62
430 2123 8.42 4962 0 7927
431 452 0 0 0 0 0 4.32
432 45.17 0 095 0 0 174 47136
0
433
434
1.63
364 0
403 0 0 0 4213
36.4
433 12.55
0
4372 0 0 0 0 0 569
436 6327 2098 6125
437 1.84 0 0.13 0 0 0 0 0 197
438 48.19 0 0 0 0 0 48.19
439 139 0 11552 77 94.31
440 15 22.46 8.95 0 965 0 56.26
441 18.48 0 3923 1.66 5939
442 193 0 37.24 0 0 0.43 239 6299
443 625 0 93.1 6532 0 12.71 0 15438
444 2.26 5.115 0 0 12.68 0 2029
415 294 0 5035 0 0 0 33.19 53 92.03
446 799 0 616 7139 0 437 16.12 152 162.6
417 67.77 0 6777
448 536 67.96 0 0 0 7352
419 15.12 0 17.26 0 0 0 3238
493 2135 0 1991 0 41.46
451 2 0 036 0 0 0 0 2.36
452 112 0 12.64 395 0 43.82 7161
49 57.26 0 13.45 0 0 4071
454 381 0 99 4824
455 33.49 0 4037 5793 0 3315 0 165.1
456 62.79 0 0.43 0 0 048 617
457 402 0 407
4511 6599 6599
459 136 0 10396 0 0 10532
440 83 3222 0 0 0 40.72
461 49.17 0 632 0 0 0 5339
462 472 0 8212 495 0 0 0 9179
463 74 0 4531 58.01 0 035 7266 13376
461 32_14 0 0 0 0 11.38 0 4332
465 1.73 0 0 0 0 0 0 1.75
466 1896 0 31.21 0 0 0 0 50.1
467 3209 0 592 0 0 17213 0 75.79
468 51 06 0 11138 0 162.64
449 2205 0 6.49 1103 0 0 0 3937
470 06 0 0 0 2.48 0 352
471 0
472 4.86 0 0 0 0 39 7996 38.49
473 2.23 86.11 599 0 1.21 9534
474 10.26 0 3232 0 0 0 0 42.713
473 4494 0 0 0 4494
476 2928 2.326 0 0 5304
477 11.31 0 2806 0 0 0 3237
478 037 66.17 0 6674
0
429 578 0 5094 0 0 0 0 56.72
483 6537 0 13.14 0 0 0 78-71
481 37.25 7.5 0 0.47 074 1.93 0 4739
482 098 0 0 0 0 0 0 0 0.96
420 131 0 0 0 0 0 0 0 131
484 7.21 0 0 0 0 161 0 129
485 5.24 8.44 0 0 0 0.84 11.52
486 54.67 0 54.67
487 63.63 808 0 0 1331 0 8527
488 28.66 o 28.66
489 1.3 0 07 0 0 0 0 0 2
490 82.55 0 4522 0 2432 0 15209
491 276 0 0 0 0 0 276
492 12.64 0 422 0 0 0 733 62.37
493 138 0 3578 12.54 0 499
494 7.34 0 0 0 57.84 355 17.73
495 3.88 0 0 0 0 0 0 339
496 629 o o o 0 o o 699
A20
497
498
499
SIM
931
502
503
504
505
506
507
5013
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
52.5
526
577
528
529
513
531
532
533
534
535
536
537
538
339
540
541
542
513
544
545
546
547
548
519
550
551
552
553
554
555
556
557
555
559
560
561
562
563
564
555
566
567
565
569
570
571
572
573
574
573
576
577
578
579
580
581
552
583
584
APPENDIX 2.1.3. ALLT DUBHAIO SUB-REACH 3 TRACER TRANSPORT DISTANCES.
1.65	 0	 7739	 1.48	 0	 0	 33.52
64.42
	 0	 6152
32.63	 0	 1671	 0	 0	 0	 49.14
10.76	 0	 0.98	 0.9	 0	 0	 0	 12.64
414	 6.06	 496	 0	 0	 1335	 0	 UZI
23132	 0	 56.36	 171	 0	 0	 034	 111.43
9.57	 46.44	 0	 56.7.5
42.01	 0	 21.86	 0	 00	 19.1	 0	 832
3.52	 0	 2.84	 125	 0	 094	 0	 1.55
33	 0	 9371	 6931	 0	 0	 198	 0	 1611.3
7247
	
0	 45.45	 4.58	 0	 0	 3.2	 757
51.19	 0	 12_2	 0	 0	 0	 6339
112	 0	 489	 0	 0	 0	 0	 0	 5072
18.65	 0	 13.37	 12.53	 0	 0	 1173	 0	 56.33
4	 0	 1591	 1836	 0	 0	 MTh	 662	 79.4
44.36	 0	 44.36
045	 0	 07400	 0	 0	 139
6.71	 0	 0	 37.18	 0	 4329
20600	 3.12	 3.88	 0	 0	 0	 0	 9.06
3727	 39 33	 0	 0	 772
254	 0	 36.17 0 	 	 1727	 1.15	 5773
5.9	 0	 403	9	 0	 46.49
14.8	 1551	 0	 0	 5.41	 3872
294	 0	 2195	 0	 0	 0	 24.54
3232	 0	 32.32
337	 o	 o	 o	 0	 327
11.3	 0	 57.19	 0	 0	 0	 69.49
40.55	 2199	 20.24	 0	 0	 82.78
OM	 0	 0.16	 0	 0	 125
2-93	 0	 0	 0	 2.93
69.4	 0	 69.4
546	 0	 5991	 0	 65.57
136	 0	 0	 0	 0	 136
1077	 1077
27.17	 0	 2448	 0	 0	 0	 0	 51 85
5797	 3221	 0	 3258	 1629	 13983
2276	 0	 23.11	 72-26	 0	 41.97	 0	 165.1
0.37	 44.49	 25.47	 0	 0	 0	 0	 7033
1.6	 0	 3391	 51.67	 0	 5.16	 28.84	 1693	 141.16
2.52	 0	 0	 0	 0	 0	 0	 0	 232
531	 0	 53.3
136	 0	 4724	 57.45	 0	 4826	 836	 162.72
46.7	 0	 467
734	 0	 4979	 0	 0	 0	 57.13
2265	 11.61	 0	 0	 0	 0	 0	 1029
439	 57.47	 110.13	 0	 0	 0	 172_19
1.46	 0	 174	 596	 0	 0	 387	 0	 4796
13	 0	 0	 0	 0	 0	 0	 0	 13
135	 0	 OM	 0.41	 0	 0	 1.32	 0	 4.11
1.31	 079	 0	 0	 0	 6.16	 0	 819
7535	 0	 2631	 2010	 0	 11	 445	 77.47
4.61	 0	 0	 0	 0	 26.84	 31.45
2.18	 0	 739	 o	 o	 0	 2.82	 1159
1918	 0	 18.18
577	 0	 039	 0	 5799
543	 0	 0	 0	 0	 0	 5.43
0
2.16	 0	 2325	 105	 o	 0	 14.35	 0	 4021
14.46	 o	 31 32	 0	 0	 0	 0	 4578
1234	 o	 55.43	 0	 0	 0	 6779
6.3	 0	 81.16	 57.46
1093	 0	 18332	 0	 99.15
1.39	 0	 42.15	 1424	 0	 0	 0	 5758
945	 0	 5075	 0.92	 0	 0	 1039	 0	 71.91
2.09	 0	 0	 0	 0	 0	 0	 0	 236
106	 0	 0	 0	 0	 0	 0	 0	 1136
9.47	 0	 332	 0	 0	 0	 10.27
25131	 0	 4375	 0	 0	 0	 0	 6676
536	 0	 6959	 6198	 0	 137	 5.61	 0	 1438
981	 0	 34.41	 0	 0	 0	 0	 0	 44.22
176	 0	 196	 0.0	 0	 0	 16.34 0	 2075
2.49	 0	 0	 0	 0	 0	 0	 249
3363	 0	 NM
21.46	 0	 3436	 617	 0	 6172
391	 075	 13.1	 0	 0	 0	 0.42	 0	 23.18
7_2	 0	 42.2	 2.12	 0	 0	 573	 0	 52.3
632	 0	 74.63	 0	 0	 0	 0	 81.15
592	 0	 3936	 0	 0	 597	 5095
12.61	 0	 2534	 0	 0	 0	 1121	 0	 4956
44.14	 2_42	 57.51	 7437
6.56	 0	 2424	 0	 3384	 0	 7041
2.45	 0.4	 5.13	 0	 0	 025	 0	 0	 5.49
522	 0	 0	 1025	 0	 0	 1625	 0	 3128
11.66	 0	 3338	 727	 0	 0	 11360	 64 32
33.13	 0	 15.55	 0	 0	 0	 45.98
0
2.31	 0	 457	 0	 0	 0	 13 21	 5172
1.36	 0	 26.1	 924	 0	 0	 8.41	 0	 45.11
1.49	 0	 0	 0	 0	 0	 0	 0	 1.49
10.82	 0	 40.11	 0	 0	 0	 0	 0	 5093
0
6.6	 0	 901	 1194	 0	 0	 0.57	 0	 2325
0.53	 0	 15.44	 0	 0	 0	 324	 0	 4837
40.32	 0	 3721	 0	 0	 0	 7731
4.41	 0	 24.34	 0	 0	 0	 0	 0	 2975
132	 0	 0	 0	 0	 0	 0	 0	 132
097	 0	 0	 0	 0	 0	 038	 0	 1.55
8.56	 0	 5115	 0	 0	 0	 0	 0	 6371
175	 o	 o	 o	 o	 0	 0.31	 0	 2.06
338	 0	 0	 0	 0	 0	 0	 0	 336
A21
APPENDIX 2.1.3. ALLT DUBHAIG SUB-REACH 3 TRACER TRANSPORT DISTANCES.
594 11.4 o 8.41 0 o o 1.36 0 21.17
595 2.55 0 132 0.68 o a a 0 475
596 137 o 0.95 0 0 14.51 o V 03
597 1.72 a 1.44 0 o
o
o o 3.16
5911
599
193
10.13
03
o
673
363
625
o
0
o
0o o
14.2 o
75.611
Q.81
600 1A2 o 1.79 0 0 o oas o 396
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TRACER
APPEND/X 2.2. MONACHYLE BURN TRACER TRANSPORT DISTANCES.
DIST. 1(m)	 DIST. 2(m)	 DIST. 3(m)	 DIST.4+5(m)	 DIST. 7(m) DIST. 8(m) DIST. 9(m) TOTAL (m)
1 3.4 1.62 62.5 0 2 6952
2 0.16 0 60.75 103 0.62 0 0 72.03
3 0 0 1205 1205
4 0.36 0 151.12 0.75 656 2.06 160.85
5 2.29 0 19.25 0 03 0 22.04
6 1.31 0 53.25 11.69 2.38 1.44 7027
7 0.49 0 11.25 7.19 86.75 105.68
8 1.31 0 0.81 6.88 7.44 16.44
9 15.19 0 3 3 0 21.19
10 0.22 0 456 10 7.44 3.62 0 25.84
11 0 0 28.38 18.75 15 80.88
12 0 0 27.25 0 0 58.06 0 8531
13 0.74 0 2.19 0 0 2.75 0 5.68
14 10.4 3.19 4.12 41.88 11.75 173 16.88 105.72
15 0.2 0 43.56 0 0 43.76
16 0 0.11 36.25 36.36
17 0.89 0 19.94 0.69 0.62 22.83
18 0.8 0 9.44 1 0 0 0 11.24
19 0.44 0 22.06 27.38 71.94
20 0 0 938 0 0 7.75 17.13
21 0 0 0.25 0 0 0 0 0.25
22 1.35 2.88 19.12 11.75 0.88 35.98
23 0 0 47.5 0 3.25 24.62 2.06 77.43
24 0.11 0 0.11
25 4.07 0 18.5 0 22.57
26 157 0 87.88 34.5 12435
27 0 0 29.44 3.62 33.06
28 0 0 39.75 0 0 0 3925
29 0.29 0 23.94 1.12 26.06 7 17.94 102.41
30 0 0 15 0 0 15
31 2.25 4.62 20.5 0 22.25 6.38 0 7825
432 078 0 64.19 0 43.5 0.25 11272
33 0.41 0 643 0 3.44 5.75 5.19 79.29
34 0.32 0 0 0 0.25 0 0.57
35 0 0 0.62 0 0 0.62
36 0 0 938 0 0.88 5.69 1623
37 4 0 74.38 9.62 385 33.25 0 159.75
38 0 0 20.25 1.25 15.44 4106 79
39 1.81 0 46.94 2.5 0 13.06 6431
40 0 03 18.25 1825
41 1.27 0 71.75 19.94 92.96
42 0 0 1754 41.75 33 32.5 10.81 106.1
43 0.26 0 1 0 0 1.26
44 0.12 0 16 0 0 0 16.12
45 0 0 3.12 1 0 1.38 0 53
46 0 0 50.69 5.25 55.94
47 122 2_25 47.94 22.75 175 9226
48 0 0 295 1.75 245 1 5675
49 0.64 0 0 0 0 0 0 0.64
50 0.48 0 57.69 22.06 2.5 0 82.73
51 0 0 22.06 0 72.06
52 0 0 SS 0 0 2.62 0.62 8.74
53 0.54 0 33 11.38 05 83 24.42
54 3.81 0 4.5 1.75 0 10.06
69 114 0 355 4.56 27.62 68.82
70 0 0 23 0 0 0 0 23
71 0.79 0 11.75 2.5 0 0 3.94 18.98
72 0 0 0.44 0 0 0 0 0.44
73 0 0 13.69 0.25 0 13.94
74 0 0 14 0 0 48.62 0 62.62
75 0.86 0 36.5 245 0 0 61.86
76 0 0 1.44 4 7.44 13 0 1438
77 1.49 0 1.44 0 3.94 0.94 056 1231
78 0 0 195 335 2.5 3.69 59.19
79 0.48 0 195 15 0 0 0 21.48
80 0.6 0 575 0 0 0 0 6.35
81 0 0 28.5 0 0.62 75 3 4024
82 0 0 1931 0 0 0 0 1931
83 0 0 9 1.19 1.12 0 1.94 1437
84 0 438 24.25 14.38 0 43.01
85 1.2 0 45.94 0 3.12 12.88 63.14
86 1.91 0 11.88 0 86.38 0 100.17
87 0.64 0 6.62 1.25 0 0 0 851
88 027 0 0 23 0 1.69 3.19 7.65
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89 0.61 0 7.2.5 19.38 2.62 13.88 0.75 44.49
90 0 0 10.19 0 0 0 10.19
91 0.61 0 14 4.6 0.75 0.62 0 2038
92 0 5 50.19 0 0 55.19
93 0 0 1.69 0 0 0 285 286.69
94 0 0 20 0 0 0 20
95 13.11 725 10.56 0 0 0 0 31.42
96 0 0 34.31 8 0 4.25 0 4656
97 038 0 26.19 12.25 16.88 0.38 56.48
98 0 0 1.25 0 0 0 0 1.25
99 0 0 12.12 0 0 0 12.12
100 0 0 0 0.75 0 0 43 5.25
101 0 0 3 13 1.38 0.31 0 6.19
102 0.16 0 48 0 0 8.69 0.94 57.79
103 0.89 0 1.06 0 0 0 0 1.95
104 0 0 8.75 0 0 0 8.75
105 0 0 538 1.44 7.38 1 22.58
106 0 0 5.88 0 0 0 5.88
107 0 0 05 0 0 0 0 0.5
108 0 2.88 9.69 0 0 0 1257
109 0.43 0 9.06 038 0 64.62 4.94 79.43
110 0 0 11-5 0.75 0 1.75 0 14
111 18.96 0 23.96 3.62 0 0 46.54
112 035 0 0 0 0 0.25 0 0.6
113 1.82 0 16.88 0 0 9.75 0 28.45
114 0 0 8.69 24.75 33.44
115 0.22 0 20 0 0 20.22
116 0 0 10 2.31 6.19 0 0 24.69
117 038 0 7.5 0 0 0 7.88
118 0 0 12.93 0.25 0 9.38 0 22.56
119 0.9 0 17.44 2.5 0.88 0.75 0 2.335
120 0 0 6.75 0 0 0 0 6.75
121 0 0 0 2.25 7.56 0 9.81
122 0 0 325 0 0 2.12 0 537
123 139 0 0 0 0 0 0 139
124 33 0 59 13.06 0.62 4338 5.44 124.8
125 0.57 0 57.75 12.5 3.19 46.56 123.76
126 036 0 036
127 0.91 0 13.94 0 0.62 0 0 16.09
128 5.7 0 7.69 0 1339
129 0 0 2.81 0 0 2.81
130 0 0 8.25 0 0 0 8.25
131 2.68 2.06 59.75 3.25 5.75 27.56 15.25 122.05
132 2.61 0 2.12 0.69 0.75 1.38 2.88 10.43
133 0.45 0 24.75 0 21.75 2 70.7
134 0. 0 13.88 0 0 13.88
135 1.97 0 20.25 45.56 9.62 1.62 0 88.64
136 0.83 0 1138 3.5 3.94 19.65
137 0.65 0 19 4.38 0 0 24.03
138 0 0 11.06 0 32.12 0 43.18
139 18.71 0 856 12_56 6.31 5.25 0 5139
140 0 0 0 0.25 8.81 0.75 0 18.62
141 1.43 0 0 05 0 0 9.19 11.12
142 1.4 0 26.25 0 19.5 0 47.15
143 1.05 0 2.88 0 0 0 0 3.93
144 0 0 0 0 0 0.25 0 0.25
145 0 0 0 16 11.44 43.44
146 0 0 15.19 1.38 16.57
147 1137 7 39.38 0 4.12 4 22.5 92.49
148 0 0 8.25 2.5 2.62 0 0.75 14.12
149 0 0 6.5 0 0 0 0 6.5
150 0 0 3.75 3.75
151 0.8 0 3.5 3 0 0 0 7.3
152 15 0 10.38 0 4.94 3032
153 0 0 3.69 0 2331 11 38
154 0 0 2.88 0 7.38 39.5 3.25 53.01
155 0.46 0 6.6 0 0 0 0 7.06
156 0 0 2.69 1.25 0 0 0 3.94
157 1.81 338 5.06 4.25 10.12 0 24.62
158 0 0 33.5 0 031 33.81
159 17.06 2.12 11.69 0 2.19 0 33.06
160 0 0 30.44 27.25 3.25 60.94
161 0 0 36.94 26 17.5 72.62 153.06
162 0 0 11.75 0 0 0 0 11.75
163 0.26 0 3.25 0 0 0 0 3.51
164 1.97 2.06 3.62 6.56 0 0 4.81 19.02
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165 0.64 625 10.88 0 2.44 0 2021
166 0 0 10.5 0 6.38 16.88
167 1.14 0 8.62 1.31 0 0 0 11.07
168 0.19 0 2.5 0.94 0 0 0 3.63
169 0.28 0 2.44 0 0 2.72
170 0 0 025 0.25 0.5
171 9.42 0 6.75 0.38 0 0 16.55
172 1.03 1 48.94 4.25 0 55.22
173 0.22 0 0 0 0.62 0 0 0.84
174 0 0 18.81 0 0 18.81
201 0.29 0 43.69 14.25 3.62 6.38 0.88 72.73
202 0.39 0 8.6 0 0 0 0 8.99
203 0 0 14.31 0 0 0 0 1431
204 0 0 99.88 0 0 438 0 10426
205 1.05 0 14.25 0 0 0 0 153
206 0.19 1.25 25 0 0 0 0 3.94
207 0.51 0 15.75 0 33.44 0.62 0 83.76
208 0 0 30.75 0 39 69.75
209 6.96 0 10.05 0 0 0 0.31 1732
210 8.06 2.25 2.94 0 0 0.38 0 13.63
211 037 0 0.5 0 0 16 0 16.87
212 0 0 235 0 0 0.38 0 23.88
213 1.4 0 338 9.12 0 0 3.88 17.78
214 033 7.62 0 0 0 0 0 7.95
215 3.56 6.25 6.75 0 0 0 0 1656
216 0 0 443 0 0 125 0 57
217 1.12 0 14 7.06 0 0.38 2.62 25.18
218 0.55 0 1038 0 1 0.94 1.5 1537
219 0 0 21.62 0 0 21.62
220 0 0 11.75 0 0 0 0
11.75
721 0 0 64.56 9.25 0 1.25 75.06
222 0 0 1.5 1.19 0 0 05 3.19
223 0 0 15.25 3.06 6.25 0 0
30.81
224 1.41 0 55.56 0 0 23.75 0 80.72
275 125 0 12.75 2.38 0 0 0 1638
226 0.77 0 0 0 0 0.25 0 1.02
227 0 0 05 1 1 7 0 9.5
228 0 0 20.81 0 0 51.62 0 72.43
229 032 0 3 0 0 0 0
332
230 0 0 5 7.25 1.19 0 5.19
19.82
231 1.15 3 3.06 0 0 0 2.44
9.65
232 0 0 16.12 0 0
16.12
233 18.9 3.62 525 0 0 1.62 1.62 31.01
234 0.79 0 0.69 3.06 0 0 0.5
5.04
235 0 0 1.81 0 0.88 7 0
1037
236 0 0 52.56 736 2.5 13 0
64.12
246 137 0 6156 0.25 0.25 16.19
79.87
247 0 0 1.25 0.94 1.62 0 0
3.81
248 1.43 0 0 0 0 0 0
1.43
249 0 0 21.75 0 0 2.06 0
23.81
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TRACER PO5111044 1 POSITION 2 POsMON 5 pOSI710N 6 POSITION 7 POSITIONS POSMON 10 POSITION 11 POSITION 12 POSITION 13
1 0 0 R R R R
2 B B P B B B B
3 0 II B
:
B B
4 R P 0 0
5 R It B B B
6 a 0 B
7 0 R
• R 0 It
l t9 0 R R R. R R O
10 0 0 R
11 0 B
12 B B B B B B
13 0 B B B B 13 B u B
14 B R R R B B B
15 a P R 0 0 0 0 0 0 0
16 B B B B B B B B B B
17 0 B B B B B B B B
15 0 0 0 0 0 0
19 0 P 0 0 0 0 0
30 0 R 0 0 B R R R 0
21 0 0 R B B B B R R 12
22 o
23 o o B B B B B B
:24 0 0 0 R 0
25 R
26 B B
V 0 R R It It R R It
25 0 0
.
0 0 0 0
29 0 0 0 0 0 0
30 R 0
31 0 P B B B B B B B B
32 R It B B B R
33 It o o o R
34 0 li
35 it 0 0 0 0
36 0 0 0 B B B B B B B
37 0
35 0 0 0 0 0 0
39 It R It R Ft R
40 It R It R R B R R
41 R 0 0 0 0 0 R
42 B B B B B B B B
43 0 0 P P P P P
44 0 R 0 0 0 0 0 0
45 0 P 0 0 0 0
46 0 0 It R It R R
47 R it R It it Ft It
45 B B P P P
49 P P u B B B B B B B
50 0 0 0 0 0 R It R
51 0 It B B B R R
52 P 0 0 0 0 0 0
53 0 It 0 0 0 0 R
54 0 0 ft
55 0
56 0 0 B B B B B B B
37 0 0 It B B B B B R Ft
55 P P R R R R R R
59 B B B B B B B B B B
60 B e B B B B B B B B
61 It Ft ft R R R B Ft R
62 a 0 0 0 0 0 0 0 0 0
63 0 0 0 0 0 0 0
. 64 P B 0 B B B R
65 0 5 B B B B a
66 Ft It B B B B It R
a 0 o o 0 o o o o 0
sa R R 0 0 0 R it o
68
P
0 P B u B
70 O 0
n It R R it R it R R R
72
o
0 B B B B B B B B
73 B B
74 0 o o o R 0
75 o o o
0
o 0
76 0 0 B B B B B B B
77 P P B B B B B B B B
78 0 0 0 0 0
79 0 0 P P P P P
50 P 0 0
51 P Ft P P P P e P
52 It It R R ft R R It B
in o 0
Ito
It R R B Ft It
st 0 0 it o 0 0 It
as B B B
56 0 B B B B B R R
37 R 0 it R R It R B B B
85 0 0 P B B B B B B
59 It R It It R It B R ft
se 0 0 B R Ft
91 B R It R It R R R R
n P P 0 o o o B 0 0
93 0 0 B
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94 0 0 0 0 0 0 R
95 B B 0 B B B B B B e
96 0
o
0 B B B B B B
97 0 0 B e B B B B B B
98 0 B R R R B B R
99 0 R P 0 0 0 0 0 0
loo o o o o 0 R R R
101 11 13 B B B 0 B 13
102 0
103 0 0 P P P R
101 R B B e B B R
105
106 0 0 B B B B B B e B
107 0 B B B B B B B B
108 P R 0 0 0 0 0 R 0 0
109 R R 0 B B B 8 o 0
110 0 0 B B B B B B
111 0 0 0 R R R B B R
112 0 0
113 R 0 0 0 0
114 0 0 0 0 0
115 R R B B B B B B
116 0
117 0 0 0 0 0 0 0
113 0 R R R R B R R
119 0 0 B B B B g B B
120 0 R B B B B R
In a R R R R R
122 0 R R R R R B B R
123 0 B B B B B B ft B
124 0 B B B B B B B B
125 0 0 B B B B B B B
126 B B B B B B B B B B
177 0 P 0 R R R P P P P
os 0
o
129 0 R R R R B
130 B B B B B B B B B
131 0 0 R 0 0 0 0
132 0 B B B B B B B B
133 B B B B B B B B B B
134 0 0 0 0 0 0 0 0 0 0
135 0 0 0 P P P P LP 0 0
136 0 0 0 0 0 R R R
137 0 0 R R R R R R R
138 0 0 B B B B B
139 B B B B B B B B B
140 0
o
R 0 0 0 0 B R R
141 0 0
142 0 0 0 0
143 0 0 B R R R R R R
144 0 0 0 R R R R R 0
145 P 0 0 0 0 0 0 0 0 0
146 0 0 0 0 0 0 0 0 0
147 0 R R R B R
148 P
P
B B B B B B B B
149 0 O 0 R R R R B
150 0 0 0 0 0 0 0 P P P
131 0
P
R R R R R R R R
132 0 O e o a a o o a
121 0 P B B B is s B B B
151 0 0 0 0 0 0 R R
155 0 0 R R R B B B 0 P
156 0 0 R 0 0 0 0 a R R
157 0 e R R R R R B B B
158 0 0 B B B B B
159 B
B
183 0 R B B a B B B B B
161 0 0 0 B B B B It B B
162 0 0 0 R R R R
163 0 0 0 0 0 0 0
161 0 B
165 0 0 B B B B B B B
166 0 0 R R R R B R R
167 0 0 R R
168 0
169 0 0 B 0
170 0 0 B B B B B B B e
171 P 0 B 0 0 0 0 0 0
In o 0 R 0 0 0 0 0
173 0 0 R R 0 R R R R R
174 B 0 0
175 B
B
B
176 0 O R B B B R R
177 0 a a P P P
178 0 0 0 0 0 0
179 0 0
180 0 0 0 0 0 0
181 0 0
182 0 0 0 0 0 0 0
B°183 0 B B B B B B
184 0 0 0 R 0 P P e o 0
185 B B B e B B B B B B
186 0 0 0 a R a
187 0 0 0 R 0 0 0 R R R
A27
APPENDIX 3.1.1. ALIT DUBHAIG SUB-REACH 1 TRACER POSMONS.
UM R R B B B R
1E9 0 0
190 0 0
B
B B B B B B
191 0 0 O P 0 0 0 0 R R
192 0 0 0 0 0 0 0 R 0 0
193 0 0 0 P 0 0 0 0 0 0
191 0 0 B B B B B B B B
195 0 0
196 0 0 P 0 0 0 0 e o 0
197 0 0 0 0 0 0 0 0 0 0
159 e B B e B e B e B e
159 0 0 0 0 0 0 K 0 0
203 0 0 0 0
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TRACER POSITION I POSMON 2 POSMON 5 POSMON 7 POSITION 8 POSITION IO POSMON 11 POSITION 12 PC6MON 13
201 B e B B B B B
202 B B B B B
203 P 3 B B B
204 0 e 13 e B B B B B
205 R R
206 0 0 B B B B B B B
207 R R 0
208 0 B B
209 0 0 0 0 0 0 0
210 R R e B B B B B B
211 P R 0 0 0
212 B B 0 0 0 0 0 0 0
213
214
215 B B B B B B
216 0 0 B
217 B B B B
218 B B B B
219 0 P 0
220 0 0 0 0 0 0 0
221 0 0 0 0 0 0
222
223 0 B B e B B B B
224 P B B B B 0
225 0 0 0 0 0
226 0 R R R R R R R
227 0 B B B B
223 0 R R 0 0 0 R 0 R
229 0 0 0
230 0 0 B
231 P R P P e R
232 0 R R R R R R
233 P P 0 0 0 0 B B
234 0 B B B B e B B
235 0 0 R 0 0 0 0
236 R B B B
237 P P 0 0 0 0 0
238 R B B B B B B B
239 0 R 0 0 0 B B
240 B B B B B
241 0 0 B B B B B
242 R R 0 0 0 0 0 0
243 P e 0 B B B B B B
244 0 e B
245 R R R
246 B P P P P P P
247 B B B B B B B
248
249 0 0 0 0 0 0
250 P
251 P P 0 B B B B B B
252 0 0 B
253 P 0 0 0 R
254 B B o o 0 B B
255 e o o 0 R
256 a B B B B B B
257 B B
258 R R R R R R R
259 B B R R R R P B,
260 B B B B B B B
261
262
263 0 0 B B B B P P
264 B e o o o o o o 0
265 B
266 0 0 0
267 P P 0 0 P
2E8 B B 0 0 0 0 0 0
269 B B B e B B B
270 0 e
271 0 0 R 0 0 0 0 0 0
272 P e B B B B B B
273 0 0 0 0 0 0 B
274 P B B B B B
275 0 0 R R R R R 0 0
276
277 0 0 B P 0
228 0 0 0
279 0
280 P B B B B
281 R R R R P
222 0 0 B B
283 B B 0 0 0 0 0 0
284 B B
285 B B 0 0 0 0 R 0
286 0 0 R B B B B B
787 0 0 B B 13 a s u 13
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288 P P 0 0 0 0 0 0 0
289 B B R B B B B B
790 0 0 0 0 0 0 0
291 P R
292 0 0 0 0 0 0 0 0
293 P R P P
794 B B 0 0 0 0 0
795 0 0 2 0 0 0 R R
296 B e 0 B B B B B B
797 0 0 0 0 0 0 0 P P
798 R R 0 0 0 0 0 0 0
299 0 0 2 R 2 2 B B B
300 B B B e B B
301 0 0
302 B B R 0 0 0 P P
303 B B 0 0 0 0
301 B B 0 0 0 0 0 0 0
305
306 R 0 0 0 0 B R
307 R R 0 0 0 0 0
308 B 0 0 0 0 0 B 0 0
309 2 R R 0 0 0 0 0
310 0 P 0 0 0 0 R
311 B B 0 R 2 R 2 B B
312 R R B R 2 2 B R R
313 0 0 B B B B B B
314 P P B B B B B
315 0 0 P P P P P 0 P
316 0 0 0 B
317 R R B B B B B B
318 0 0 0 0 0 0 0 0 0
319 P R 0 P P P 0
320 0 0 0 0 0 0 0 0 0
321 0 0 B B B B B
322 R R 2 0 0 0 0 R
373 P P 0 0 0 0 0 2 R
324 0 R B B B B B B
325 0
326 0 0 0 0 0 0 0 0 0
327 0 0 R 2 2 R
328 0 P 2 0 0 0 0 R
379 0
330 P P B B B B B
331 B B 0 0 0 0 0 0 0
332 a B 0 0 0 0
333 0 0
334 0 0 B 0 0 0 B B
335 0 0 B
336 R 0 R R R R B 0
337 B B B
338 0 0 B B B B
339 P P
340 P B B B B B B
311 P R R 2 2 R R R
342 B 0 B B B B B
343 P P 0 P P P P P P
344 B B B B B B B B a
345 B 0 0 0 0 0 0 0
346 R 2 R R R R R B B
. 347 2 0 0 0 0 0 0 0
348 B B B B B B B B B
349 0 0 B B B B P P
350 P 2 B B B e B
351
352 B B 0 B B B B P
353 P P P 0 0 0 R R
354 P R 0 0 0 0 0 P P
355 0 0 0 0 0 0 0 0
356 B B 0 0 0 0 B B R
357 R R 0 0 0 0 R 2
353 0 0 B B B B B B
359 B B R 0 0
360 0 0 B B B B B P P
361 B B 0 0 0 0 0 0 0
362 0 0 0 0 0 0 0 0
363 R 2 R 0 0 0 2 0 R
364 R R R R R R R R R
365 R 2 B B B B B e
366 B B
367 B B 0 0 0 0 0 0
368 R R 0 P 0 0
369 0 P B B B B B e B
370 B 0 0 0 0 0 0
371 P P
372 0 0 0 e B B B B
373 P P 0 0 0 0 B B
374 P P R R 2 2 It R R
375 0 0 B 0 0 0 0 B B
376 P P B e R R B B B
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377
378
B
0 0 0
0 0
379 0 0 e B B B B B
B
380 0 0 0 0 0 0 0 0
0
381 11 e o o o o 0
R
382 B B
383 0 0 R R R R R R
R
384 B B e o 0 o 0
B
385 0 0 R 0 0 0 R B
B
386 B 13 B B B
B
387 B B 0 0 0 0 0
388 R R
389 0 e
390 B
391 R R P 0 0 0 0 0
0
392
393 B B 0 0 0 0 0
R
394 0 0 0 R R R R P
P
395 P P 0 0 0 0 R 0
0
396 B B P 0 0 0 0 0
0
397 P e 0 B
0
398 0 P R R R R e R
P
399 P P
400 0 0 0 0 0 0 B
0 R
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NUMBER POSITION 1 POSMON 2
401 B B
402 0 0
403
404 0 B
405 B B
406 B B
407 B B
408 0 0
409 B B
410 R B
411 0 B
412 0
413 0
414 0
415 0
416
417 B B
418 B
419 0 R
420
421
422 0 0
423 0 0
424
425 B e
426
477 0 0
428
429 R
430 0 0
431 0 0
432 B B
433 B B
434 0 0
435 R R
436 0 0
437 0 0
438 B B
439 0 0
440 0
441 0 0
442 0 B
443 R R
444
445 0 B
446 B B
447 B B
448 0
449 0 0
450 0 0
451 0 0
452 B B
453 B B
454 B B
455 0 0
456 B B
457 0 B
458
459 0 0
460 R
461 B B
462 0 0
463 0 0
464 0 0
465 B B
466 0 0
467 B B
468 B 8
469 R R
470
421
472 0 B
473 0
474 0 B
473 B B
476 0
477 0 0
478 0
POSMON 5 POSMON 7 POSMON 8 POSITION 10 POSMON 11 POSMON 12 POSMON 13
B	 B	 B	 B	 B	 B	 B
0	 0	 0	 0	 0	 0	 0
P	 0	 0	 0	 0	 0	 0
0	 0	 B
B	 B	 B	 B	 B	 B	 B
0
B
0	 0	 0	 0	 0	 0	 0
B	 B	 B	 B	 B	 B	 B
B	 B	 B	 a	 B	 B	 B
B
R	 R	 R	 R	 R	 R	 R
B	 9	 B	 0
0	 0	 0	 0	 0	 a
0	 0	 0	 0	 0	 0	 0
0	 0	 0	 0	 0	 0
P	 P	 P	 P
0
0	 0	 0	 0	 0	 0
R	 R	 R	 R	 R	 P
B	 0	 0	 0	 0	 P
0
R	 0	 0	 0	 0	 a	 R
R	 0	 B	 B
B	 B	 B	 B	 B	 B	 B
0	 P	 P	 P	 P	 P
R	 R	 R	 R
B	 B	 B	 B
0	 0	 0	 0	 0	 0	 0
B	 B	 B	 B	 B	 B
P	 P	 P	 P	 P	 P	 P
B	 B	 B	 B	 B	 B	 B
0	 0	 0	 0	 0	 0	 0
B	 B	 B	 B	 B	 a	 B
0	 P
B	 B	 B	 B	 B	 B	 B
P	 0
R	 R	 R	 P	 P	 0
B	 0	 0	 0	 0	 R	 R
R	 R	 R	 R	 R	 0	 R
0	 P	 P	 P	 P	 0	 P
0	 P	 P	 P	 0	 R	 R
0	 P	 P	 P	 P	 P	 P
B	 B	 B	 B	 B	 B	 B
B	 B	 B	 B	 B	 B	 B
0	 0	 0	 0	 0	 0	 0
B	 0	 0	 0	 0	 0
B	 B	 B	 B	 B	 B	 B
B
B	 0	 0	 0	 0	 B	 B
B	 B	 B	 B	 B	 B
P
R	 R	 R	 B	 B	 B
R	 R	 R	 R	 R
B	 B	 B	 B	 B	 B	 B
0	 0	 0	 0	 0	 B
0	 0	 0	 0	 0	 0
0	 0	 0	 0	 0	 B	 B
B	 B	 B	 B	 B	 B	 B
B	 B	 B	 B	 B	 B	 B
B	 B	 B	 B	 B	 B
R	 R
e	 B	 B	 B	 B	 B	 B
B	 B	 B	 B	 B	 B	 B
B	 B	 B	 B	 R	 0
0	 0	 0	 0	 0
B	 B	 B	 B	 B	 B	 B
B	 B	 e	 B	 B	 B	 B
B	 B	 B	 B	 a	 B	 B
B	 B	 B	 B	 B	 B	 B
P	 P	 P	 e	 P	 P	 e
o	 0	 B	 B	 B	 B	 B	 B
P P	 0	 0	 0	 0	 0	 0	 0
R	 P	 P	 0	 P	 P	 P
B B	 B	 B	 B	 B	 B	 B	 B
O 0	 0	 0	 0	 0	 0	 0	 0
B	 B	 B	 B	 B	 e	 0	 R
0	 0	 0	 0	 0	 0	 0
0	 0
8	 B	 B	 B	 B	 0	 0
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488 0 0
489 0 0 0 0 0 0 0 0 0
490 0 0 P P P P 0 0
491 0 0 0 0 0 0 0
492 0 0 e B B B B B
493 B 13 0 P P
494 B B B B B 0 0
495 0 0 0 0 0 0 0 0 0
496 R R R R R It R B B
497 0 0 e B B B B B
498 B B
499 0 0 B 13 13 B B B B
500 8 8 B B B B B B B
501 0 0 0 0 0 0 8 B
502 0 0 0 P P P P
503 0 B B B B
504 B B 0 0 0 0 0 0 0
505 0 0 0 0 0 0 0 0 0
506 0 Ft 0 B B B B B B
507 B B B 0 0 0 0 0
508 B B B B B B B B B
509 0 0 0 0 0 0 0 0 0
510 0 0 e B B B B B B
511 0 0 R 0 0 0 0 0 P
512 B B
513 B B B B B B B B B
514 B B B B B B B
515 o o o 0 R R R R R
516 o o o 0 P
517 B B 0 0 P P P P
518 0 0 B B B B B
519 B B R R R R R R
520 0 R a B B B B B B
531 R R
522 B B B B B B B B
523 0 0 B B B B B B
524 R P 0 0 0 0 0 0
525 B B R R R R R e
526 B B B B B e B B
527 0 0
528 0 0 B B B B B B B
539 0 0 0 0 0 0 0 0 0
530 0
531 0 0 e e a B a B B
532 e o o o 0 B 0
533 0 0 P 0 0 0 0 B B
534 B 0 0 0 0 0 0 0
535 0 0 0 e P P e P 0
536 0 e B B B B B B
537 B B
538 R R 0 0 0 0 It P
WA R R
540 R R B B B B B 0
541 B e B B B B e 8
542 B 0 P P P P P P
543 0 0 0 R R R R It R
544 R R R R R Ft R R Et
545 0 0 0 0 0 0 0 0 0
546 B B B B B B 0 R
547 0 B R P P 0 P
548 B B B B B B 0 0
549 0 0 0 0 0 0 0 0 0
550 0 0
551 0 0 B e B B B B B
552 R B B B B B B B B
553 B B R 0 0 0 0 P P
554 0 0 B B B B B B B
555 R R B B B B B B B
556 R R B
557 0 0 0 B
558 R R B e P P P P
559 0 0 B B B a B B B
560 R R R R R R R R R
561 0 0 0 0 0 0 0 0 0
562 0 0 B B B B e B B
563 0 0 e e B B B B B
564 0 B 0 P P P o o o
565 B e o o o 0 P P P
566 R R R 0 0 0 0 0 0
567 0 0 0 0 0 0 0 0 0
568 R R
569 0 0 0 P P
570 0 0 0 0 0 0 0 0 0
571 0 0 R e P P P P P
572 R R 0 0 0 0 0. 0 0
573 0 0 R 0 0 0 0 P
574 0 0 B B B B e B B
573 0 0 0
576 R R 0 0 0 0 0
0
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o	 0	 0	 0	 0	 0	 0	 0	 0
0	 0	 B	 R	 R	 R	 B	 0	 0
R	 R	 R	 0	 0	 0	 0	 P	 P
0	 0	 B	 B	 B	 B	 B	 B	 9
O R	 e	 B	 B	 B	 B	 P
R	 R	 0	 R	 R	 R	 R	 B	 e
o o	 o	 o	 o	 o	 o	
o	 0
B e	 B	 B	 B	 B	 B	 B	 B
585	 0	 0	 0	 0	 0	 0	 0	 0	 0
586	 a	 B	 0	 0	 0	 0	 0	 0	 P
587	 B	 e	 o	 o	 o	 o	 0	 B
588	 0	 B	 R	 R	 R	 R	 R	 R	 R
589	 B	 B	 B	 B	 B	 B	 B	 B	 B
590	 B	 B	 B	 B	 B	 B	 e	 e	 B
591	 0	 0	 B	 0	 0	 0	 B	 B	 B
592	 R	 R	 R	 R	 R	 R	 R	 R	 R
593	 B	 B	 B	 e	 B	 B	 B	 B	 B
594	 0	 0	 0	 0	 0	 0	 0	 0	 0
595	 0	 9	 0	 0	 0	 0	 0	 0	 0
596	 R	 R	 R	 R	 R	 R	 R	 B	 B
597	 0	 0	 0	 0	 0	 0	 0	 0	 0
598	 R	 R	 e	 o	 o	 o	 o	 0
599	 0	 0	 R	 R	 R	 R	 R	 P	 P
600	 R	 R	 0	 0	 0	 0	 0	 0	 0
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TRACER POSITION 1 POSMON 2 POSMON 3 POSITION 4 POSITION 5 POSITION 7 POSITION 8 POSITION 9
1 0 0 0 B B B
2 0 0 B B B B B B
3 0 0
4 0 0 B 0 0 R
5 0 0 R 0 R R
6 B B 0 0 0 B 0
7 0 0 0 0
8 0 0 0
9 B B R B B
10 0 0 0 0 0 0 B B
11 0 0 B B 0 B
12 0 0 0 0 0 0 R R
13 0 0 0 0 0 0 0 0
14 R R 0 B B 0 0 0
15 0 0 B B B B B B
16 0 0 0
17 0 0 R R R 0 B
18 0 0 0 0 0 0 0 0
19 0 0 B 0
20 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0 0
22 0 0 0 0 B
23 0 0 B B B B 0 R
24 0 0
25 B B 0 0 0 0 0
26 0 0 0 0 0
27 0 0 0 B B
28 0 0 0 B B B B B
29 0 0 0 B B B
30 0 B B B B
31 0 R B B 0 0
32 0 0 0 0 0 0 0 0
33 0 0 B B B B
34 0 0 0 0 0 0 0 0
35 0 0 0 P
36 0 a 0 o 0 0 0
37 0 0 0 B B B 0 0
38 0 0 0 B B
39 0 0 B B B B B
40 0 0 0
41 0 0 B R
42 0 0 0 B B B 0 0
43 0 0 0 0 0
44 0 0 B B B B B B
45 0 0 0 0 0 0 0 0
46 0 0 B B B
47 0 0 0 0 0 B
48 0 0 0 0 0 B R
49 0 0 0 0 0 0 0 0
50 0 0 B B B B B
51 0 0 0 B
52 0 0 0 0 0 0 0 0
53 0 0 0 0 0 0 B
54 B B R R
69 0 0 0 0 0 B B
70 0 0 0 0 0 0 0 0
71 0 0 0 0 0 0 0 0
n o o o o o o o 0
73 0 0 B B B
74 0 0 0 0 0 B P . 0
75 B B 0 B B B B B
76 0 0 0 B B B
77 0 0 0 0 R R
78 0 0 0 0 0 0 0
79 0 0 0 0 0 0 0 0
80 B B 0 B B B B B
81 0 0 0 B B B B B
82 0 0 B B B B B B
83 0 0 0 B B B B B
84 0 0 0 B o B B B
as o 0 B B B B B
86 0 0 0 0 0 B B
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87 0 0 0 0 0 0 0 0
88 o o o o o o 0 R
89 0 0 0 B a B 0 0
90 0 0 0 R R 0 R
91 0 0 0 0 0 0
92 0 0 B B B B
93 B B R B B B 0
94 0 0 0 0 0 0 0
95 0 0 R R R R R R
96 0 0 0 0 0 0 0 0
97 0 0 B 0 0 B 0 0
98 0 0 0 0 0 0 0 0
99 0 0 0 0 0 0 0 B
100 0 0 0 0 0 0 0 0
101 B B R B B B
102 0 0 0 0 0 0 0 0
103 0 0 0 0 0 0 0 0
104 B B 0 B B B B
105 0 0 0 B B B B
106 0 0 0 0 0 0 0 0
107 0 0 0 0 0 0 0 0
108 0 0 0 0 0 0 0
109 0 0 B 0 B
110 0 0 0 0 0 0 0 0
111 0 0 B B B B B
112 0 0 0 0 0 0 0 0
113 0 0 0 B B 0 R 0
114 0 0 0 B
115 0 0 0 0 B
116 B B R R R R
117 B B R B B
118 0 0 0 0 0 B B
119 0 0 0 0 0 R
120 0 0 0 R R R R R
121 0 0 0 0 0 B B
122 0 0 0 B B B 0 0
123 0 0 0 0 0
0
124 0 0 0 B B 0 0 B
125 0 0 0 0 0 R 0
126 0 0
127 0 0 0 0 0 0 0 0
128 0 0 B
B
129 0 0 0 0 0 0 0 0
130 0 0 0 B B B B B
131 0 0 B B B B B 0
132 0 0 0 0 0 0 0 R
133 0 0 0 0 0 B B
134 0 0 0 0 0 0 0 0
135 0 0 0 B B B B B
136 0 0 0 0 0
137 0 0 0 B B B B
'138 0 0 0 0 0 0 B
139 0 0 0 0 0 0 0
0
140 0 0 0 0 0 0
141 0 0 0 0 0 0 0 B
142 0 0 0 0 0 0
0
143 0 0 0 B B B B
B
144 0 0 0 0 0 0 0
0
145 0 0 0 B
B
146 0 0 B B 0
147 B B 0 B B B B R
148 0 0 0 R 0
R
149 0 0 R R R R 0
R
150 0 0
0
151 0 0 0 0 0 0 0
0
152 B B 0
B
153 0 0 0 0 0 B
B
154 0 0 0 0 0 B 0
0
155 0 0 0 0 0 0 0
0
156 0 0 0 0 0 0 0
0
157 B B 0 0
0
158 0 0 0 0 0
0
159 B 0 B B
B
160 0 0 0 B B
B
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161 0 0 0 B B 0 B
162 0 0 0 0 0 0 0 0
163 0 0 0 0 0 0 0 0
164 0 0 0 R R B
165 0 0 B B B
166 0 0 0 0 0 0
167 0 0 0 B B B B B
168 0 0 0 0 0 0 0 0
169 0 0 0 0 0 0 0 0
170 0 0 0 0
171 0 0 0 0 0 0 0
172 B 0 B B B B B B
173 0 0 0 0 0 0
174 0 0 0 B B B
201 0 0 0 B B B 0 0
202 0 0 0 0 0 0 0 0
203 0 0 0 0 0 B B B
204 0 0 0 R R. 0 0 0
205 0 0 0 0 0 0 0 0
206 B 0 0 B B B B B
207 B 0 0 B B B
208 0 0 0 0 0 0
209 0 0 0 0 0 0 0 0
210 0 0 0 0 0 0 0 B
211 0 0 0 0 0 0 B B
212 0 0 0 B B 0 R 0
213 0 0 0 B B B B 0
214 B B R B B B
215 0 0 R R R R R R
216 0 0 0 0 0 0 B B
217 0 0 0 0 0 R
218 0 0 0 B B B 0
219 0 0 B B B B B B
220 0 0 0 0 0 0 0 0
221 0 0 0 0 0 0 B
222 0 0 0 0 0 0 0 0
223 0 0 0 B B B
224 0 0 0 R R R P 0
225 0 0 0 B B B B B
226 0 0 0 0 0 0 0 0
227 0 0 0 0 0 0
228 0 0 0 0 0 0 0
229 0 0 0 0 0 0 0 0
230 0 0 0 0 0 B
231 0 0 0 0 0 0 0 R
232 0 0 0 0 0 0
233 0 R 0 0 0 0 0 B
234 0 0 0 0 0 0 0 0
2.35 0 0 0 0 0 0 0 0
2.36 0 0 0 0 0 P P P
246 0 0 B B B B B
247 0 0 0 0 0 0 0 0
248 0 0 0 0 0 0 0 0
249 0 0 0 0 0 0 0 0
APPENDIX 4.1.1. ALLT DUBHAIG SUB-REACH 1 TRACER BURIAL STATE
TRACER SEARCH 1 SEARCH 2 SEARCH 5 SEARCH 6 SEARCH 7 SEARCH 8 SEARCHIO SEARCH 11 SEARCH 12 SEARCHH
1 W 6 4 14 14 14
2 T T W 11 11 11 11
3 W 2 2 4 4 4
4 w 6 W T T
5 W 3 3 3 3
6 5 4
7 4
a T 2 5 8
9 I 10 3 3 3 w 17
10 I 1 5
11 W 5
12 15 15 Is 15 15 w w
13 2 W W W W w w w w
14 4 4 4 4 4 4 W
15 W w T 1/8 8 a a a a a
16 T T 19 10 10 10 10 7
17 T 8 13 5 5 5 5 5
18 T 9 5 5 S s 5 10
19 W I a 2 2 2 2 2 5
30 T 7 7 T T T T T T
21 T 4 1 2 2 2 2 2 3
22 W
23 w W 17 17 17 17 17 17 3
24 W T T W T T
25 .5
26 T T
v 6 15 2 2 2 2 2 3
30 T W 10 10 10 10 5
79 w T T 19 19 19
30 T W
31 a T 15 15 10 10 10 10 10 20
32 a T
33 9 w w w w
34 2 T
35 T 8 8 8 9
36 W T 12 8 8 8 a a a 9
37 W
38 T 8 ts is is
39 T T 20 30 30 30
40 4 T/T 3 3 3 w T W
41 T W 9 w T T T 11
42 4 4 4 4 4 4 4 9
43 6 5 10 10 10 10 10
44 T W w 4
45 T w w W W T
46 T T 2 w W W W
47 8 T 3 3 T T T
48 3 w s
49 W T T w w W W T T T
50 w w W W w 17
51 W a W W T T T
52 T 3 T I T T T
53 w T T T T T T T
54 T 3 T
55 5
56 T T 19 19 19 19 19 7
57 11 15 W T w w w W T T
sa T T 1 3 3 3 T T
s T T S 3 a a 3 3 3 6
60 T T 14 6 6 6 6 6 6 6
61 T T 9 2 2 2 W 8
62 1 T 15 7 7 7 7 7 7 10
63 T T 8 8 16 16 16
64 w 7 T T T W W/T
65 T 12 12 12 12 12 8
66 T T T T T T T T
67 T T 15 15 15 15 15 15 15 19
68 w T T T T T T T
69 3 T w 31 31 31
70 T T
71 T T 9 3 3 3 3 3 5
72 T T 11 10 10 10 10 10 10 8
73 T T
74 T W W W T T
75 T T T T W T
76 w T 20 10 10 10 10 W 2
77 5 T 5 5 12 12 12 12 12 2
78 w 1 n n n
79 T 10 T T W W 15
BO w T T
81 T T W T T T 5
82 w T 9 11 11 11 11 11 11
83 T T T 4 w w w w w
84 T T T 3 3 3 W
85 T T 12
as 2 12 T T T
ea T W 5 5 20 30 20 20 20 15
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88 5 T T T T T T T
e; T 8 T T T T T T
90 W 3 5 s 5 T T
91 W 18 18 18 18 18 18 18 17
92 W 4 W W W W W T T
93 W T T
94 W 8 5 5 s 0 0 19
95 T T 15 23 23 23 23 23 ZI 19
96 T T 5 T W W W W W
97 W W W W W T W W
98 W T T T T 12
99 T T W W W T T I'
100 11 10 W T T T 7
101 T T T T T T T
102 T T
103 W T 5 W 4 4 5
104 W 2 2 2 2 W W
105
106 W T T W W W T T T
107 W W W W W W T W W
108 W T 7 W W W I' W w
109 T T 7 T T T T W W
110 W T 6 6 6 6 6 4
111 W T W T T T T T T
112 W T
113 T 11 11 11 W
114 10 14 14 14 T
115 T 6 4 T T T T W W
116 W W
117 T T 14 14 14 14 14 12
118 W W 3 3 W W T T T
119 W T 15 18 18 18 18 18 18 a
no W T 10 10 10 10 10 10 10 5
121 W w W 4
I= w 1 4 W W W W W W
123 2 2 2 W W W W T T
124 2 T T T T T T T T
125 T T 9	 .
126 T T w w w w w w w w
In T T T T W W T T T T
178 1 T
130 T W 10 10 10 10
130 T T W w w w w w w
131 W T T W W W W
132 T T 15 10 10 10 10 10 10 9
133 1 T W W W W W W T T
134 T T 30 22 n n n n n 10
135 T T T 4 W W W W T T
136 1 30 4 W W W W W W
137 W T 2 5 5 5 T
138 T T 16 3 3 3
139 T T 8 a a a 8 8 9
140 8 3 T 7 T T T T T T
141 T T
142 T T T T
143 8 3 w w w w W T T
144 W T w IT w w W T W
145 T T T 8 W W W T T
146 w T W 5 5 s s 5 6
147 W 6 6 6 4 2
148 W W w w w w w w w W
149 W 3 4 W T T T T
150 T T T T w w w w 10
151 W T T T T T T T T T
152 T T w 7 7 7 7 7 7
153 W T T T T T T T T T
154 T T 10 10 10 10 W T
155 3 T T T T T T T
156 T T w 7 7 7 7 W
157 W T 7 7 20 20 20 7 20 11
158 T T 16 5 s s 5
159 T T
160 W T 9 9 5 w w W T T
161 T T 21 8 a a a 8 8 8
162 T T 20 20 7 7 7
163 W T 25 28 28 W W
164 W 11
165 T T 11 11 11 11 11 11 9
166 W T T T T T T T T
167 W T T
168 T T
169 w T T 15
170 W W T T T T T T T T
171 W T 6 T T T T T T
172 W T T 4 4 4 T T
173 T T W W T T T T T W
174 T T
3
175 T w 30
176 T T W w s s T T
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177 T T 17 17 17
178 W T 20 20 20 7
IN T T
180 T T 15 10 10 10 10 a
181 T T
182 T T 5 W W W T T
183 T a 8 8 a a 9
184 T W T W T T T T T
185 T T 11 a 8 a 8 8 8 9
186 W r T 3 3 a
187 T T T T 9 9 9 9 9 W
188 T T 24 24 24 10
189 9
190 W T 9 W W W T T
191 T T 70 W/T T T T T T T
192 W W W T/T T T T T T T
193 T I T W/T T T T T W
194 T T 9 17 17 17 17 17 17 3
195 T T
196 T T W 4 T T T T T T
197 W T T W W W W W T T
798 T T W W W W W W I
799 w T w T T T T T T
200 T T W W 4 W W W W T
APPENDIX 4.1.2. A LLT DUBHAIG SUB-REACH 2 TRACER BURIAL STATE.
NUMBER SEARCH 1 SEARCH 2 SEARCH 5 SEARCH 7 SEARCH 8 SEARCH 10 SEARCH 11 SEARCH 12 SEARCH 13
201 T W W W 2
202 W 2 2 2
293 3 6 W W W
204 1 T W 10 10 10 10 10 20
205 3 3
206 4 2 W 8 a a a 8 9
747 W T 14
208 W/W 2 21
209 14 14 14 14 14 17
210 W T W 1 1 1 1 1 S
211 W T 28 28 28
212 T W 13 11 11 11 11 11 12
213 13
214
215 T T T T T T
216 T T 29
217 T T T T
218 10 W T T
219 W W 4
220 W T T T T W W
221 W 3 I W W W
222
223 T 13 19 19 13 15 15 11
224 W W W W T W
225 20 20 20 20 20
226 T 2 3 3 3 3 3 T
TZ7 3 9 W
ne w W 7 5 W W T W 3
M W T 3
230 4 7 15
231 W T W W W W
232 T T 12 10 10 10 15
733 W T 6 5 5 5 W 3
234 W 15 11 11 11 11 11 8
235 4/W W 4 10 10 10 T
236 T T 16 16 16
237 W T T T I W T
238 6 w 6 6 6 T W
739 T T 10 10 10 W W
240 3 W 3 3 3
241 11 3 T T T T 17
242 W T 27 27 V V V 20
243 W W 8 6 6 6 6 6 18
244 W T 1
245 W T W
246 W 6 6 6 6 6 9
247 14 15 15 15 15 15 17
248
249 T T 8
250 25
251 1 W T 5 5 5 5 5 12
252 W T 16
253 W 12 12 12 10
254 8 2 T T T W 20
255 1 20 20 20 3
256 20 18 18 18 18 18 14
257 1 10
258 35 20 20 20 20 20 11
259 • T T 2 5 5 T T 11
260 16 W W T T T T
261 W W W
262
263 T T W T T
264 W T 2 8 8 a a 8 10
265 6
266 W W 7
267 / W W T T
268 T W 20 20 20 20 20 15
269 T T 11 7 7 7 6
VO T W
VI 4 2 T 4 15
212 T T W 10 10 10 16
233 15 5 18 7 7 7 6
274 T T 19 19 19 25
V5 T T T T T I
276 T T T
777 T T 2 9 30
278 9 9 9
239 10
280 W 16 19
281 W 4
282 T W 15 W W W 16
283 T T 5 5 5 5 T W
284 T W
285 W T 8 16 16 16 T T
286 7 W 8 T T T T 15
287 T T 6 11 II 11 11 11 17
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288 14 W 4 6 6 6 6 6 6
289 T W W T T
790 W W 20 10 10 10 2
WI W W
792 T T W W T T T 12
793 T T W 15 15
294 T T 25 25 25 25 W
295 4 4 W 9 9 9 W 5
296 T T W T T
257 W T 7 W W W W T T
798 W T T 5 5 5 W T T
299 3 W T W W W W T T
300 W W 3 W W W W W
301 3 3
302 T W 6 10 10 10 W T
303 T T 15 13 13 13
304 T T 2 5 5 5 5 5 10
305
306 W 3 W 5
307 W W 10 10 10 T W
308 W W W T T T W W 5
309 T T 4 T T T T T
310 11 T 8 8 8 T 18
311 T T 13 T T T T T T
312 I' W 4 T T 1 T T T
313 T T T W T T T 16
314 W T 8 9 9 9 19
31.5 W T T T T T T T T
316 16 7 4a
317 T W 7 2 2 2 W 16
318 8 6 14 9 9 9 9 9 13
319 W T 25 17 17 17 19
320 W 4 T T T T
321 T T 5 12 12 12 17
322 W W W W W W W W
323 W W W 9 W W 5
324 7 W T W W T T T
325 W T T T
326 T T T 8 T T T T T
357 2 W T 8 8 8 T W
328 W W 11 8 8 8 T W
379 1
330 T T W W
331 T T T 5 5 5 5 5 3
332 W W T 15 W W
333 W 6
334 W W W W 30
335 W W 25
336 15 5 W W W W W
337 4 5
339 7 W T T T T T
339 25 35
340 11 12 12 12 12 12 a
341 14 12 10 10 10 10 10 11
342 1 T 2 2 2 W T
343 W W 7 W 4 4 4
344 T 16 16 16 16 16 16 11
345 W W 11 11 11 11 11 11
346 W T T W T T T T T
347. W T 11 20 20 20 T T
348 T T T T T T T T T
349 T T T T T T W W
asa w T T T T W 4
351
352 T T 19 W W W W 72
353 W T T 6 6 6 1 T
354 W T T W W W W T T
355 T T 10 W W W T T
356 T T W W W W W 5
357 W T 16 W W W T W
358 W T 6 3 3 3 W 10
359 T T 4 T T
360 T T 1 T T T T T T
361 T W W 16 16 16 16 16 a
362 W 8 16 8 8 T W
363 W T W T T T T T T
364 T W T 8 a 8 8 T a
365 W T 9 a 8 a T T
366 T T
367 T T 20 20 20 20 20 16
368 W T W W T T
369 W/W T T W W W T T T
370 W 26 26 26 26 26 20
371 1 1
372 T T T T W W T 12
373 W W W T T T T 5
374 W T T T T T T T T
375 T T W W W W W T T
376 W T T T 10 10 T W
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377	 2
378	 8
379
380	 T
381
382
383
384
385
386
387
388
389
390
9	 T	 T
21	 21	 21	 21	 21	 21	 23
9	 9	 9	 9	 9	 9	 10
T	 W	 T	 T	 T	 10
W	 W	 T	 T	 T	 T	 T
3	 W	 W	 W	 T	 5
T	 T	 T	 T	 T	 T	 T
W	 T	 T	 T	 T	 14
4	 W	 W	 W	 W
T	 T	 T/T	 W	 W	 W	 T	 T	 I
T	 W	 W	 W	 T	 T	 T	 4
19	 14	 T	 W	 T	 T	 T	 T	 30
W	 T	 3	 W	 W	 W	 W	 T	 W
W	 13	 T	 T	 T	 T	 T	 T	 T
W	 W	 W	 7
W	 T	 W	 W	 T	 T	 T	 T	 T
W	 W
T	 T	 a	 w	 w	 w	 w	 w	 w
A43
APPENDIX 4.1.3. ALLT DUBHAIG SUB.REACH 3 TRACER BURIAL STATE
NUMBER	 SEARCH 1	 SEARCH 2 SEARCH 5 SEARCH 7 	 SEARCH 8 SEARCH 10 SEARCH 11 SEARCH 12 SEARCH 13
401	 T	 T	 3	 W	 W	 W	 W	 T	 T
402	 W	 T	 3	 W	 W	 W	 7
403	 W	 14	 14	 14	 W	 T
404	 T	 T	 W	 W	 5
405	 2	 W	 3	 3	 3	 3	 W	 W	 T
406	 T	 T	 34
407	 T	 T	 12
408	 T	 W	 W	 W	 W	 W	 W	 W	 W
409	 T	 T	 3	 T	 T	 T	 T	 T	 T
410	 T	 T	 T	 T	 T	 T	 T	 T	 T
411	 W	 W	 3
412	 2	 15	 15	 15	 15	 15	 15	 9
413	 1	 T	 T	 T	 T
414	 5	 2	 15	 15	 15	 20
415	 W	 20	 6	 6	 6	 6	 6	 19
416	 T	 5	 5	 5	 5
417	 T	 W	 3
418	 9	 8
419	 W	 T	 16	 a	 8	 8	 10	 9
420	 11	 10	 10	 10	 T
421	 W	 14	 14	 14	 T
422	 9	 9	 9
423	 6	 W	 6	 9	 9	 9	 6	 T	 5
424	 W	 W	 W	 T
425	 T	 T	 9	 W	 W	 W	 W	 T	 T
426
427	 T	 T
428	 10	 W	 W	 W	 14
429	 W	 8	 a	 8
430	 T	 W	 23	 23	 23
431	 T	 T	 5	 5	 5	 5	 5	 5
432	 T	 T	 10	 7	 7	 7	 T
433	 4	 4	 W	 8	 a	 a	 a	 8	 7
434	 T	 W
435	 W	 T	 W	 W	 W	 W	 W	 T	 T
436	 2	 2	 25
437	 W	 T	 T	 T	 T	 I	 T	 T	 T
438	 T	 1	 10	 9	 9	 9	 9	 9	 7
439	 W	 W	 9	 9
440	 10	 3	 T	 T	 T	 T	 T	 T
441	 T	 T	 W/W
442	 3	 4	 4	 W	 W	 T	 T	 3
443	 W	 T	 5	 W	 W	 W	 T	 T
444	 W	 W	 W	 W	 W	 T	 T
44.5	 4	 4	 8	 8	 8	 a	 8	 T	 T
446	 6	 6	 T	 T	 T	 T	 T	 T	 T
447	 T	 T
448	 5	 5	 7	 7	 7	 7	 7	 11
449	 T	 T	 W	 6	 6	 6	 6	 6	 W
450	 W	 W	 17	 17	 17	 17	 17	 17	 13
451	 T	 T	 W	 W	 W	 W	 W	 W	 W
452	 3	 3	 T	 T	 T	 T	 T	 T
453	 T	 T	 a	 5	 s	 s	 5	 5	 6
454	 W	 W	 W
455	 T	 T	 3	 5	 5	 5	 T	 T
456	 T	 T	 11	 5	 5	 5	 10
457	 3	 3
458	 W
459 '	 T	 T	 T	 T	 T	 6
460	 10	 10	 10	 10	 10	 10
461	 T	 T	 12	 9	 9	 9	 9	 9	 10
462	 9	 7	 8	 10	 10	 10	 8	 8	 9
463	 4	 5	 4	 T	 T	 T	 T	 7
464	 10	 10	 11	 12	 12	 12	 T	 T
465	 W	 W	 9	 6	 6	 6	 6	 6	 6
466	 T	 T	 2	 3	 3	 3	 T	 5
467	 T	 T	 9	 9	 9	 7	 T	 T
468	 T	 T	 T	 W
469	 T	 T	 1	 T	 T	 T	 T	 W	 W
470	 W	 W	 W	 W	 W	 W	 T
471
472	 W	 W	 W	 T	 T	 T	 T	 4
473	 4	 T	 10	 10	 10	 8
474	 T	 T	 12	 10	 10	 10	 7	 7	 5
475	 1	 1	 9	 9	 9	 9	 9	 9	 6
476	 12	 8	 10	 10	 10	 10	 10	 6
477	 6	 3	 9	 10	 10	 10	 10	 10	 6
478	 4	 20	 20	 20	 20	 20	 20	 31
W	 T	 W	 W	 W	 W	 W	 W
T	 T	 20	 18	 18	 18	 18	 18	 18
2	 1	 T	 T	 W	 T	 T
W	 W	 4	 T	 T	 T	 T	 T	 T
T	 T	 W	 W	 T	 T	 I	 T	 W
3	 7	 W	 W	 W	 w	 T	 T
T	 W	 W	 W	 W	 W	 6
T	 T
W	 W	 W	 W	 W	 T	 W
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488 T T
489 T T T T T T W W
W
490 T T 20 20 20 T T
491 T T W W W W
492 T T W W W W W 7
493 W T W T
494 T W W W W T 'I'
495 W T 3 3 3 3 3 3
7
496 T T W T T T T T T
497 W W T T T T T
5
498 T T
499 T T W 6 6 6 6 6 6
500 T T T T T T T T T
501 W w T T T T T T
502 T T T W W W T
13
503 2 9 9 9
504 T T 6 W w w W T T
505 5 w T T T T T
T
506 W W W T T T T T
T
507 T T W W W W
30
508 W W 9 10 10 10 10 10
10
509 T T 8 W W W T w w
510 T T 4 T T T T T
T
511 15 5 2 5 5 s w T T
512 T T
513 T T 4 5 5 5 5 5
5
514 6 5 5 s 5 T
T
515 W W W T T T T T T
516 w W 7 18
20
517 T T 6 8 T T T
T
518 T T 6 4 4 4
519 3 W T T T T T
T
520 W T T T T T T T
T
521 W W
522 T 5 4 4 5 4 4
5
523 3 W T T T T W
T
524 W a 7 7 7 7 7
a
525 T T 11 11 11 11 11
7
526 a 9 a a a a
5
577 3 2
528 W 1 6 5 5 5 W
9
539 1 T T T T T T T
T
530 10
531 T T T T T T T T
T
532 5 4 4 4 7 T T
533 T T 9 10 10 10 T
T
534 1 T T T T T W
W
535 W T T T T T T W
T
536 T T w w w w W T
T
537 T T
538 W T 14 T T T T
T
5:0 5 4
540 W T 10 10 10 10
a
541 T a 9 9 9 12 T
T
542 3 T W W W W
W
543 W W T W W W W T
T
544 w T W T T T T T
T
545 T T T T T T T T
T
546 W W W W W T T
T
547 T T 5 1 T T T
548 ' 4 w a 8 8 W T
T
549 T T T T T T T T
T
550 T T
551 T T 11 11 11 11 10
10 5
552 T T W T T T T
T T
553 4 W T W W W T T
W
554 T T W W W W W
5
555 T T 2 6 6 6 6 •	 6
5
7
556 T T
557 T T W
17
55E1 1 T 2 T T T T
10
559 T T w T T T T T
T
560 T T T W W W W T
T
561 T T T T T T T
T T
562 5 3 10 10 10 10 10
10 7
563 T T 7 13 13 13 7
7 6
564 W W W T T T T
T T
565 W T W T T T T
T T
566 T T W T T T T
T T
567 T T W w w w w w
w
565 T T
569 1 T W T T
570 W T W w w w w T
T
571 5 W T T T T T
T T
572 T W 6 10 10 10 7
7 7
a
573 2 W T T T T
574 T T w s s 5 w T T
575 T T 35
576 T T 15 15 IS
T T
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T	 W	 T	 T	 T	 T	 T	 T
T	 W	 T	 I	 T	 I	 T	 T
T	 5	 T	 T	 T	 T	 T	 T
T	 5	 W	 W	 W	 W	 8
T	 W	 W	 W	 W	 W	 9
T	 W	 T	 I	 T	 T	 T	 T
T	 W	 W	 W	 W	 W	 W	 W
T	 W	 T	 It	 T	 I	 T	 T
T	 T	 W	 T	 T	 T	 T	 T	 T
T	 T	 W	 W	 W	 W	 W	 T	 T
T	 T	 5	 18	 18	 5	 13
W T	 1	 6	 6	 6	 W	 T	 T
W	 W	 7	 W	 W	 W	 W	 T	 T
W W	 W	 7	 7	 7	 12	 T	 T
W	 T	 6	 7	 7	 7	 6	 W	 W
W	 T	 W	 T	 T	 T	 T	 T	 T
T	 T	 W	 W	 W	 W	 W	 W	 W
T	 T	 T	 T	 T	 T	 T	 T	 T
T	 T	 W	 T	 W	 T	 T	 T	 T
W W	 T	 T	 T	 T	 T	 T	 T
T	 T	 T	 T	 T	 T	 T	 T	 T
T	 T	 T	 T	 T	 T	 W	 W
W T	 W	 T	 W	 W	 T	 T	 T
W	 W	 W	 W	 W	 W	 T	 T	 T
A 4 6
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NUMBER SEARCH 1 SEARCH 2 SEARCH 3 SEARCH 4 SEARCH 5 SEARCH 7 SEARCH 8 SEARCH 9
1 T T 2 5 5 T
2 T W T T T T W T
3 T T
4 T T 5 3 3 T 4
5 T T T W W W W W
6 T T T W W T W
7 T T 3 T T T
8 T T 20
9 T T W T T T W 5
10 T T T T T T T T
11 T T T T T 6
12 T T T T T T T T
13 T T W T T T W W
14 T T 3 W W T W T
15 T T 5 5 5 5 5 6
16 T T W
17 T T 5 4 4 T 3
18 W W T W W T T W
19 T T T 4
20 T T W W W W T
21 T T T T T T T T
22 T T W T T 9
23 T T 11 W W T T T
24 T T
25 W W 9 9 9 9 11
26 T T T T 9
27 T T T T T
28 T T W T T T W T
29 15 15 T W W T W T
30 W T T T W
31 T W 4 4 4 T T 3
32 T T 9 8 8 T T T
33 T T W T T T
34 T T T T T T T T
35 T T W T T T
36 T T T T T T 4
37 T T W T T T T T
38 T T W T T W T
39 T T T 2 2 T T
40 T T 8
41 T W T T T
42 W W W T T T W W
43 T T W W T
44 T T 3 W W W T T
45 T T W T T T T 5
46 W W T T 7
47 T T 5 T T T
48 T T W T T T W
49 T T W W W W W W
50 T T T T T T
51 ' T T W 10
52 T T W W W W T T
53 T T W T T W T
54 T T 3 W 3 3 3
69 T T W T T T
70 T T T T T T W W
71 T T W T T T T T
72 T T T T T T T T
73 T T W W W
74 T T T T T T W T
75 T T W T T T W T
76 T T T T T T W 4
77 T W T W W T T 6
78 T T T T T T T
79 W W T T T W W 4
80 T T T W W T T T
81 T T W 2 2 T T T
82 T T W W W W T T
83 T T W T T T T T
84 T T T T T W
85 T T 5 W W T T
86 T T W W W T T
87 T T T T T T W T
88 W W W T T T T W
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89 T T T T T T T T
90 T T W W W W T
91 T T T T T T T 5
92 T T 11 5 5 T
93 T T T T T T
94 T T W W W T T
95 T T 4 3 3 W 7 T
96 T T W T T T T T
97 T T 3 T T T T T
98 T T T T T W T T
99 T T W W W W W T
100 T T W T T T T T
101 T T T T T T T T
102 T T W W W W T T
103 T T W W W W W 5
104 T T T T T T T
105 T T T T T T W
106 T T W W W W W W
107 T T T T T T T T
108 T T W T T W T
109 T T T T T T 3
110 T T W W W T 6
111 T T T T T T T
112 T T T T T T T T
113 T T T T T T W T
114 T T T T
115 T T 3 3 3 5
116 T T T T T W T
117 T T W T T T T
118 T T W 8 8 T T
119 T T T T T T W 6
120 T T 5 W W W W T
121 T T W T T
122 T T T T T T T T
123 T T T T T T T T
124 T T T W W W T 2
125 T T T T T T 11
126 T T
127 T T W T T W T W
128 T T 3
129 T T 9 9 9 T T
130 T T W T T W W
131 T W W 4 4 T T W
132 T T W T T T T T
133 T T W T T T T
134 T T W 4 4 4 4 11
135 T T 8 6 6 T T T
136 T T T T T T W
137 T T 6 T T W
138 T T T T T T T
139 W W T T T T T T
140 T T W T T T T T
141 T W W T T T T T
142 T T 5 4 4 W W
143 T T T 4 4 W 1 1
144 T T T T T T T T
145 T T W W W T 4
146 T T T T T
147 T T 4 6 6 T T T
148 T T W T T T T T
149 T T W W W T T T
150 T T 16
151 T T W T T T T T
152 T T 3 7 7 4
153 T T 5 T T W T
154 T T T T T T W T
155 T T T T T T T T
156 T T T T T T T T
157 T T T T T T W
158 T T 7 7 7 4
159 T 3 7 7 7 T W
160 T T T T T 9
161 T T W T T T W
162 T T T T T T T T
163 T T T T T T T
164 T T W T T T T 10
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165 T T 9 9 9 T W
166 T T 6 6 6 W
167 T W T T T T T T
168 T T T T T T T T
169 T T W T W T
170 T T W 7
171 T W T T T T T
172 W W W 15 15 15 15 15
173 T W W W W T T
174 T T 4 4 4 4 4 W
201 T T W T T T T T
202 T T W T T T T T
203 T T T T T T T T
204 T T W 4 4 W T T
205 T T T T T T T T
206 T T T T T T T T
207 T T T T T T T T4-4
208 T T T T T T
209 T T T T T T T T
210 T T T T T T T T
211 T T T T T T T T
212 T T T T T T T T
213 T T T T T . T T T
214 T T T T T T T T
215 T T T T T T T T
216 T T T T T T W W
217 T T T T T T T T
218 T T T T T T T T
219 T T W W W 4
220 T T W W W W W W
221 T T T T T T T
272 T T T T T T T T
223 T T T T T T T T
224 T T T W W W T T
225 T W T T T T T T
226 T T T T T T T T
227 T T W T T W T T
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